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Keratoconus is an eye disorder that causes the cornea to
take an abnormal conical shape, thus impairing its refrac-
tive functions and causing blindness. The late diagnosis of
keratoconus is among the principal reasons for corneal
surgical transplantation. This pathology is characterized
by a reduced corneal stiffness in the region immediately
below Bowman’s membrane, probably due to a different
lamellar organization, as suggested by previous studies.
Here, the lamellar organization in this corneal region is
characterized in three dimensions by means of second-
harmonic generation (SHG) microscopy. In particular, a

method based on a three-dimensional correlation analysis
allows to probe the orientation of sutural lamellae close
to the Bowman’s membrane, finding statistical differences

SHG image acquired with sagittal optical sectioning (A)
of a healthy cornea and (B) of a keratoconic cornea. Scale
bars: 30 pm.

between healthy and keratoconic samples. This method is
demonstrated also in combination with an epi-detection
scheme, paving the way for a potential clinical ophthalmic
application of SHG microscopy for the early diagnosis of
keratoconus.
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1. Introduction

The application of Non-Linear Optical (NLO) mi-
croscopy techniques in biological and medical fields
has increased exponentially in the last two decades
[1-3]. In fact, their unique features, such as intrinsic
optical sectioning and deep imaging capability inside
turbid media, make NLO-microscopy techniques par-
ticularly suitable for both in vivo and ex vivo imaging
of biological tissues [4-7]. Among NLO microscopy
techniques, Second-Harmonic Generation (SHG)
microscopy is particularly useful for detecting non-
centrosymmetric biological structures with high hy-
perpolarizability [8-10], like muscle fibres [11], mi-
crotubules [12] and collagen [13]. SHG microscopy
offers several advantages, including large optical
contrast, due to its inherent zero-background profile,
and very low photo-toxic effects because electronic
transfer phenomena are not involved in the optical
process [14].

Cornea is an ideal target sample for SHG micro-
scopy [15, 16] because it is a biological tissue largely
composed of parallel collagen fibres that are ar-
ranged in stromal lamellae with typical sizes in the
range of 10-230 pm in width, and 0.2-2.5 pm in
thickness [17]. The suitability of SHG microscopy
for probing the organization of corneal collagen la-
mellae has been already demonstrated in several
studies, using both “en-face” [18-20] and sagittal op-
tical sectioning geometry [21, 22], as well as using
Polarization SHG (PSHG) [23, 24]. Recent studies
have highlighted that healthy human cornea exhibits
a population of collagen lamellae that insert into
Bowman’s membrane with an oblique orientation,
rather than running parallel to the membrane itself
[25, 26]. This particular type of lamellae, which are
located immediately below Bowman’s membrane
and are inserting in the membrane itself, are called
sutural lamellae. It seems that the oblique orienta-
tion of sutural lamellae with respect to the Bow-
man’s membrane gives mechanical strength to the
corneal tissue and is responsible for corneal stiffness
[26-28]. Keratoconus is an eye disorder that features
a decrease of stiffness in the central portion of the
cornea, which takes a conical shape, thus impairing
visual capabilities [29]. In keratoconus, sutural la-
mellae have been observed to be oriented at smaller
angles with respect to Bowman’s membrane [30], as
compared to healthy cornea, probably jeopardizing
the stiffness of central cornea. SHG imaging of cor-
nea allows to visualize collagen lamellae with a very
high signal-to-noise ratio [31] and to measure the or-
ientation of sutural lamellae [32], if used in combina-
tion with sagittal optical sectioning geometry. The
drawback of sagittal optical sectioning is that this
geometry is prevented in vivo, so that this method is
useful only if implemented for ex vivo imaging appli-
cations.

In this study, we implemented a method for
measuring the inclination of sutural lamellae using
z-stacks of SHG images acquired with “en-face” op-
tical sectioning and epi-detection geometry. A cross-
correlation analysis, performed both along the axial
direction and within the radial plane allowed to de-
termine the inclination angle of sutural lamellae with
respect to the Bowman’s membrane. This parameter
turned out to correlate well with the morphology of
both healthy and keratoconic corneas. In fact, a
smaller inclination of sutural lamellae was found in
keratoconus compared to healthy cornea, in agree-
ment with previous studies. In addition, the pro-
posed approach bypasses the time-consuming 3D
image acquisitions and processing from large por-
tions of cornea. Considering the fact that the “en-
face” optical sectioning geometry with epi-detection
is compatible with in vivo clinical imaging, the pro-
posed method really holds the potential to be imple-
mented for the early diagnosis of keratoconus in the
ophthalmic clinic.

2. Materials and methods

2.1 Samples preparation

Pathological corneas affected by keratoconus were
harvested from patients undergoing penetrating ker-
atoplasty at the Department of Ophthalmology of
the Nuovo Ospedale Santo Stefano (Prato, Italy).
Keratoconic corneas were trephined with a femto-
second laser and soaked into a tissue preservation
solution (Carry C, AL.CHLMI.A. Srl, Padova, Italy)
immediately after trephination [33, 34]. Imaging of
these samples was performed within 24 hours from
excision. Healthy corneas were provided by the
Tuscan Eye Bank and selected among those not sui-
table for transplantation. They were stored in the
same tissue preservation solution and imaged within
48 hours from delivery. This study was approved by
the local ethical committee of the Santo Stefano hos-
pital (Prato, Italy) and conducted in accordance with
the tenets of the Declaration of Helsinki. The study
included two healthy and two keratoconic corneas.
The central portions (about 8 mm x 2 mm) of these
samples were used for both sagittal and “en-face”
SHG imaging.

2.2 SHG imaging setup

Human corneas were imaged using a custom-made
laser-scanning non-linear microscope. Laser excita-
tion is provided by a mode-locked Ti: Sapphire laser
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(Mira 900 F, Coherent Inc., Santa Clara, CA, US)
pumped by a frequency-doubled Nd:YVO, laser sys-
tem, emitting at 532 nm (Verdi V10, Coherent Inc.,
Santa Clara, CA, US). The emission wavelength can
be tuned in the range 700-980 nm, with a typical
pulse duration of 130fs and a repetition rate of
76 MHz. For SHG imaging, the excitation wavelength
was tuned to 840 nm. Laser power was adjusted using
a system made with a rotating half waveplate and a
polarizer. Polarization was made circular on the sam-
ple, by means of a quarter waveplate inserted in the
laser path and properly oriented for compensating
unwanted polarization ellipticity introduced by op-
tics. The excitation path includes also two galvano-
metric mirrors for raster scanning (VMS500, GSI Lu-
monics, Karlsruhe, Germany), a beam expander and
a water-immersion objective XLUM 20x (NA 0.9,
WD 2 mm, Olympus Corporation, Tokyo, Japan).
Backward-emitted SHG was collected by the same
objective lens, reflected by a dichroic mirror
685DCXRU (Chroma Technology Corporation,
Rockingham, VT, US) and directed into a photomul-
tiplier tube H7422 (Hamamatsu, Hamamatsu City,
Japan). Forward-emitted SHG was collected by a sec-
ond water immersion objective lens Fluor 40x (NA
0.8, WD 2 mm, Nikon Corporation, Tokyo, Japan),
reflected by a dichroic mirror 685DCXRU (Chroma
Technology Corporation, Rockingham, VT, USA)
and detected using a second photomultiplier tube
H7422 (Hamamatsu, Hamamatsu City, Japan). Two
narrow band-pass filters with a spectral characteristic
centred at 420 + 10 nm HQ420BP (Chroma Technol-
ogy Corporation, Rockingham, VT, US) are placed
in front of the photomultipliers in order to selectively
detect second-harmonic light.

2.3 Image acquisition and analysis

SHG images, collected according to a sagittal optical
sectioning geometry (focal plane perpendicular to
the corneal surface) from the central portion of the
corneal stroma, were acquired with a pixel dwell time
of 20 ps, a field of view of 400 x 400 pm? and a reso-
lution of 512 x 512 pixels? in both healthy and kera-
toconic corneas, using circular polarization. Only a
backward detection scheme was used in these acqui-
sitions. FFT analysis on sagittal optically sectioned
SHG images was performed by selecting an area be-
low Bowman’s membrane corresponding to a stromal
layer about 30 pm thick. This analysis included a to-
tal of 81 ROIs (400 x 30 pm?) for healthy corneas,
and 97 ROIs (400 x 30 pm?) for keratoconic corneas.
The aspect ratio R (the ratio between minor and
major axis of the elliptic FFT profile) of the 2D-FFT
plot was taken as an indicator of anisotropy. R was
calculated according to the method described in [35].

SHG images and stacks, collected with “en-face”
optical sectioning geometry, were acquired with a
pixel dwell time of 20 ps, a field of view of 240 x
240 um2, and a resolution of 512 x 512 pixels? in
both healthy and keratoconic corneas, using circular
polarization. Both forward and backward detection
schemes were used in these acquisitions. Each stack
contained 15 images acquired from the Bowman’s
membrane down to a depth of 30 pm into the stroma,
with axial steps of 2 pum. 3D reconstructions were
obtained from these stacks by means of Imagel]
(National Institutes of Health, Bethesda, VA, US)
“Orthogonal Views” plugin. A custom analysis rou-
tine written in LabVIEW (National Instrument, Aus-
tin, TX, US) environment allowed to estimate the
mean inclination angle of sutural lamellae that are
visible in these stacks. Briefly, each acquired stack
was divided into domains of radial size of 20 x 20 pm?
and axial size of 30 pm. At first, the mean intensity
I,(i) was calculated by averaging the measured SHG
intensity over all axial images acquired within the do-
main i. Then, /,,({) was used as a threshold, so that
pixel values below 7,,(i) were set to zero in each axial
image. Finally, the axial Pearson cross-correlation
[36] was computed and its half-decay length C,(i)
was evaluated in each domain i. The parameter C,(i)
represented the axial cross-correlation value.

In a similar way with respect to the axial one,
radial Pearson cross-correlation was calculated in
each axial image. Then, only radial cross-correlation
values obtained from images comprised within a
sub-stack, made of a number of axial images corre-
sponding to the axial cross-correlation decay length
divided by the axial step, were considered for the
calculation. The cross-correlation values were cal-
culated independently for the two orthogonal ra-
dial axes (x and y) and the radial half-decay length
Cu(i, z) was calculated as the root mean square of
the x and y values in each image. Finally, a radial
correlation length value Cy(i)ean Was then obtained
for each domain by taking the average of the ob-
tained values within the corresponding sub-stack. In
this way, each domain was characterized by a typical
axial C,(i) and a typical radial Cp(i)peqan Cross-corre-
lation lengths. On the basis of these two values, an
angle defined as follows:

Q(i) = arctg [Cz(i)/CM(i)mean] (1)

was associated to each domain i. The parameter (i)
was taken as an indicator of the average orientation
of sutural lamellae with respect to the Bowman’s
membrane within each domain. Such parameter was
then represented in a colour-coded map after apply-
ing a threshold of 2 pm on C(i)pean- A simple sketch
illustrating the operating principle of this routine is
represented in Figure 5. For simplicity, only six do-
mains (A1-A6) were shown.

www.biophotonics-journal.org

© 2016 The Authors. Journal of Biophotonics published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Journal of

PHOTONICS

78 R. Mercatelli et al.: Three-dimensional mapping of corneal collagen lamellae orientation

3. Results and discussion

The diagnostic “gold standard” for the evaluation of
morphology in biological tissues is represented by
histo-pathological examination. The preparation of
histological sections entails several long and invasive
procedures, including excision, chemical fixation,
cutting and staining, thus making histological analy-
sis feasible only for ex vivo tissue samples. On the
other hand, SHG microscopy does not require sam-
ple processing and provides high resolution imaging
of corneal lamellae in a label-free modality, thus
holding the potential to be implemented in vivo for
diagnostic purposes. SHG microscopy is able to
highlight the morphology of the corneal stroma with
high resolution and contrast, as demonstrated in Fig-
ure 1, where two SHG images of healthy and kera-
toconic corneas, acquired with sagittal optical sec-
tioning geometry, are shown. Collagen lamellae are
clearly visible in both images, especially at the inter-
face with Bowman’s membrane, making the meas-
urement of their inclination easily feasible. In parti-
cular, it is evident from these images that the aver-
age angle formed by the orientation of sutural lamel-
lae and the direction of the Bowman’s membrane is
much higher in healthy than in keratoconic corneas.
This datum is in agreement with previous observa-
tions performed using SHG microscopy for charac-
terizing keratoconus [23, 24]. The angular orienta-
tion of sutural lamellae can be quantitatively evalu-
ated by means of FFT analysis, as shown in Figure 2.
Considering a region of interest of about 30 pm in
thickness below the Bowman’s membrane (Fig-
ure 2A and B), the intensity profile in the FFT im-
age can be used for characterizing anisotropy in the
orientation of sutural lamellae (Figure 2C and D). In
fact, the FFT image corresponding to keratoconus
(Figure 2D) is more anisotropic as compared to the
FFT image of healthy cornea (Figure 2C). The cal-
culation of the Aspect Ratio of the FFT intensity
profile allowed characterizing the anisotropy of the
analysed image and hence discriminating between

T e

Figure 1 (A) SHG image acquired with sagittal optical sec-
tioning of a healthy cornea and (B) of keratoconic cornea.
The red arrows indicate Bowman’s Membrane. Scale bars:
30 pm.
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Figure 2 SHG images acquired using sagittal optical sec-
tioning in the first 30 pm below Bowman’s membrane (A)
of a healthy and (B) of a keratoconic cornea. Scale bars:
30 pm. (C) and (D) show FFT of images in (A) and (B),
respectively. (E) Histogram distribution of the Aspect Ra-
tio R (ratio between minor and major axes of the FFT in-
tensity profile) calculated on 81 sagittal images of healthy
cornea (orange bars) and 97 sagittal images of keratoconic
cornea (blue bars). The obtained average values of FFT
Aspect Ratio for healthy and keratoconic corneas were
found to be statistically different at the 0.001 level after a
two-sample statistical ¢-test.

conditions with stromal lamellae parallel or oriented
at large angles with respect to the Bowman’s mem-
brane. The distributions of the FFT Aspect Ratio
(representing image anisotropy) obtained from the
analysis of all the examined and analysed ROls, are
summarized in the histogram in Figure 2E. The As-
pect Ratio of the FFT profile offers high sensitivity
to discriminate between healthy and keratoconic
corneas on the basis of the orientation of their sutur-
al lamellae. The obtained average values of the FFT
Aspect Ratio for healthy cornea and keratoconus
were found to be statistically different at the 0.001
level after a two-sample statistical #-test. However,
this analysis requires the acquisition of images with
sagittal optical sectioning geometry, which is possible
only from ex vivo samples. Therefore, the advantage
offered with respect to standard histo-pathological
examination is minimal. A significant step-forward
with respect to the current state-of-the-art methods
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Figure 3 SHG images (A) of a healthy cornea, and (B) of a
keratoconic cornea, acquired with “en-face” optical section-
ing and backward detection. Scale bars: 10 pm. (C) Aver-
age axial Pearson cross-correlation of 10 backward-de-
tected SHG stacks acquired on healthy corneas (orange

curve and empty circles) and on keratoconic corneas (blue
curve and empty squares).

for diagnosing keratoconus would be the implemen-
tation of a method for measuring the orientation of
sutural lamellae using “en-face” optical sectioning in
combination with epi-detection. Such a method
would be extremely powerful for clinical ophthalmic
diagnostics.

In order to verify the feasibility of this concept,
SHG image stacks were acquired using “en-face”
optical sectioning geometry and epi-detection from
both healthy and keratoconic samples (Figure 3A,
B). For the sake of comparison, the same image
stacks were simultaneously acquired using also for-
ward-scattered SHG detection with “en-face” optical
sectioning geometry (Figure 4A, B) and with sa-
gittal optical sectioning geometry. Considering the
different average inclination of sutural lamellae ob-
served in healthy and keratoconic corneas using
sagittal optical sectioning geometry, a cross-correla-
tion analysis performed in the direction perpendicu-
lar to the corneal surface, may allow characterizing
the orientation of sutural lamellae and hence discri-
minating between healthy and keratoconic samples
[36]. For this reason, the Pearson cross-correlation
was calculated along the optical axis from stacks of

0.4 4

Correlation [/ a.u.

0.2 1

0.0

0 5 10 15 20 25 30
Depth / um
Figure 4 SHG images (A) of a healthy cornea, and (B) of a
keratoconic cornea, acquired with “en-face” optical section-
ing and forward detection. Scale bars: 10 pm. (C) Average
axial Pearson cross-correlation of 10 forward-detected
SHG stacks acquired on healthy corneas (orange curve and

empty circles) and on keratoconic corneas (blue curve and
empty squares).

both backward-detected and forward-detected SHG
images. The Pearson axial cross-correlation analysis
included 10 stacks acquired from healthy corneas and
10 stacks acquired from keratoconic corneas. The cal-
culated Pearson cross-correlation decays were aver-
aged over all examined stacks in order to obtain the
curves shown in Figures 3C and 4C for backward-
scattered SHG and forward-scattered SHG, respec-
tively. The standard deviations of the values were ta-
ken as error bars at each depth. It is important to
note that, although the forward-scattered SHG sig-
nal is always stronger than the backward-scattered
SHG signal because of phase-matching conditions,
as demonstrated by the higher contrast in Fig-
ure 4A and B with respect to Figure 3A and B, an
excellent agreement was found between the analyses
carried out on backward-scattered SHG and on for-
ward-scattered SHG. In particular, the typical length
of Pearson axial cross-correlation was found similar
for forward- and backward-scattered SHG, as de-
monstrated by the graphs in Figures 3C and 4C, in-
dicating that the orientation of sutural lamellae can
be determined using both backward- and forward-
scattered SHG detection. Further, the difference be-
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30 um layer below
Bowman’s membrane

Figure 5 A simple sketch showing the principle behind the
method for calculating the inclination of sutural lamellae on
the basis of a three-dimensional cross-correlation method.

tween keratoconic and healthy corneas in terms of
cross-correlation decay was significant in each indivi-
dual region included in the analysis [37]. Considering
the fact that this analysis can be successfully imple-
mented also on epi-detected SHG images, acquired
using “en-face” optical sectioning geometry, this
methodology offers the potential to be used for in
vivo diagnostics of keratoconus in ophthalmology.

Based on the promising result obtained with
Pearson cross-correlation analysis along the optical
axis direction, the cross-correlation analysis was ex-
tended to all the three spatial directions by calculat-
ing the Pearson cross-correlation also in a radial
plane. In particular, each SHG image stack was di-
vided into domains of 20 x 20 x 30 um?3 size. Both ax-
ial and radial Pearson cross-correlation were calcu-
lated and analysed in each domain, in order to ob-
tain the corresponding typical half-decay lengths C;,
({) and Cjy(i)mean for axial and radial Pearson cross-
correlation, respectively. Then, the ratio between C,
(7)) and Cy(i)mean (as defined in Eq. (1)) was taken
as a parameter indicating the average lamellar incli-
nation with respect to the Bowman’s membrane
within each domain. By considering the average an-
gular orientation obtained on all the analysed do-
mains, maps of the orientation of sutural lamellae
can be realized, as in Figure 6G, where an example
of orientation map for sutural lamellae is shown.

In order to verify the goodness of this three-di-
mensional Pearson cross-correlation methodology
for determining average lamellar orientation, two
specific corneal lamellae were identified from SHG
stacks acquired using “en-face” optical sectioning
and used as target. The average orientation angle of
these two specific lamellae was calculated using the
three-dimensional Pearson cross-correlation ap-
proach (on both backward- and forward-detected
SHG stacks). The obtained values were compared to
the value obtained by directly measuring the inclina-
tion of lamellae from images of the same region ac-
quired with sagittal optical sectioning. The region
containing the two specific lamellae was identified in
both optical sectioning geometries by means of two

marks burned in the corneal epithelium using laser
ablation. The region of interest described above, ac-
quired using “en-face” optical sectioning geometry,
is shown in Figure 6A and B for forward- and back-
ward-detected SHG, respectively. As in previous
acquisitions, even if the contrast is higher for for-

Figure 6 SHG images of a healthy cornea, acquired using
“en-face” optical sectioning and forward- (A), or back-
ward- (B) detection. (C) and (D) Axial reconstructions
(Orthogonal Views plugin, ImageJ) obtained from stacks as
those represented in (A) and (B). (E) SHG image of the
same area acquired with sagittal optical sectioning. (F)
Maximum axial intensity projection of a stack acquired in
the first 30 pm below Bowman’s membrane using “en-face”
optical sectioning and backward detection. (G) Angular or-
ientation map of sutural lamellae corresponding to the
stack shown in (F). Scale bars: 10 pm. The red arrows al-
ways indicate two specific corneal lamellae.
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ward-scattered images, the agreement between back-
ward- and forward-detected SHG images was always
good. The corresponding axial projection images,
obtained after re-slicing from the SHG stacks ac-
quired with “en-face” optical sectioning geometry
(using the “Orthogonal Views” plugin in ImagelJ),
are represented in Figure 6C and D for forward-
and backward-detected SHG, respectively. The same
region of interest, imaged using sagittal optical sec-
tioning, is depicted in Figure 6E. The agreement
among Figure 6C-E is quite good, demonstrating
that the morphological features of corneal lamellae
can be evidenced not only using sagittal optical sec-
tioning but also using “en-face” optical sectioning. A
maximum intensity projection image of the back-
ward-detected SHG stack is depicted in Figure 6F,
with the purpose to of representing the whole ac-
quired volume of 120 x 120 x 30 pm3 below the
Bowman’s membrane. In all the images presented in
Figure 6, the red arrows indicate the two specific la-
mellae considered for evaluating the three-dimen-
sional Pearson cross-correlation methodology. The
two identified lamellae are peculiar in terms of
shape and they can be easily identified in “en-face”
SHG images (Figure 6A and B), in axial recon-
struction (Figure 6C and D) and in the sagittal
SHG image (Figure 6E). A direct measurement of
their inclination can be performed using the sagittal
optically sectioned image, as shown by the dashed
red lines in Figure 6E. The measured orientations
were found to be 28° for the upper lamella and 37°
for the lamella at the bottom. The method for angu-
lar inclination mapping of sutural lamellae, described
in Materials and Methods, implemented on epi-de-
tected SHG stacks acquired with “en-face” optical
sectioning, gave the result shown in Figure 6G. The
angles with respect to the Bowman’s membrane in
the two domains corresponding to the two identified
lamellae were found to be 28° for the upper lamella
and 37° for the lower lamella. Hence, an excellent
agreement was found between the angles calculated
with the proposed method from SHG stacks ac-
quired with epi-detection and “en-face” optical sec-
tioning, and those measured directly from images ac-
quired with sagittal sectioning. In conclusion, the pro-
posed methodology is suitable to probe the average
inclination of sutural lamellae within the first 30 pm
of corneal stroma below the Bowman’s membrane,
starting from epi-detected SHG images acquired
with “en-face” optical sectioning geometry.

In order to verify the capability of the method
for the discrimination between healthy and keratoco-
nic samples on a statistically relevant set of images,
inclination maps of sutural lamellae were calculated
from 20 SHG stacks acquired in healthy samples and
26 SHG stacks acquired in keratoconic samples. Ex-
amples of these sutural lamellae inclination maps are
shown in Figure 7B and D for a healthy and for a

keratoconic sample, respectively. The inclination an-
gles, calculated on all the acquired stacks and on all
the analysed domains, are reported in the histogram
in Figure 7E for both healthy (orange bars) and ker-
atoconic (blue bars) corneas. The analysis confirmed
the fact that sutural lamellae are oriented at smaller
angles with respect to the Bowman’s membrane in
keratoconus, as compared to lamellae oriented at
larger angles in healthy cornea. The obtained aver-
age values of inclination angle for healthy cornea
and keratoconus were found to be statistically dif-
ferent at the 0.001 level after a two-sample statistical

Angle/*

Figure 7 Maximum axial intensity projections from SHG
stacks acquired using “en-face” optical sectioning and back-
ward detection from the first 30 pm below Bowman’s mem-
brane in healthy cornea (A) and in keratoconic cornea (C).
The corresponding angular orientation maps are repre-
sented in (B) and (D), respectively. Scale bars: 10 pm. (E)
Histogram of the mean angular orientation distributions of
sutural lamellae on all the analysed domains on healthy (or-
ange bars) and keratoconic (blue bars) samples. Angles
smaller than 10° are not included in the graph.
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t-test. Hence, the proposed methodology holds the
promise to provide a very high sensitivity which
could be used to diagnose keratoconus at a very
early stage. Particularly relevant for clinical diagnos-
tic purposes is the fact that the lamellar orientation
can be assessed using an optical configuration
scheme that is suitable for in vivo imaging in clinical
ophthalmic applications.

4. Conclusion

In conclusion, we demonstrated that SHG micro-
scopy can be used for the diagnosis of keratoconus
with an optical configuration suitable for in vivo
ophthalmic imaging. In particular, by using SHG mi-
croscopy in combination with a three-dimensional
Pearson cross-correlation analysis, it was possible
measuring the inclination of sutural lamellae in the
anterior part of the corneal stroma, thus discriminat-
ing keratoconic from healthy corneas on the basis of
this morphological parameter. The presented ap-
proach was proven using “en-face” optical sectioning
in combination with epi-detection and compared to
the direct measurement of lamellar inclination from
images acquired using sagittal optical sectioning.
This opens the way for a potential in vivo use of this
methodology for clinical diagnostic purposes. In par-
ticular, the reconstruction of lamellar inclination
maps from image stacks taken with “en-face” optical
sectioning and epi-detection might be suitable for an
immediate clinical penetration in the context of
ophthalmic diagnostics.
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