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PURPOSE. To investigate changes in the morphology of the
corneal stroma after collagen cross-linking (CXL) treatment in
bovine and porcine eyes using a nonlinear microscope provid-
ing both two-photon excitation fluorescence (TPEF) and sec-
ond harmonic generation (SHG) corneal images.

METHODS. Freshly enucleated eyes were imaged using a
tomographic nonlinear imaging method that was highly suit-
able to track temporal changes in corneal structures. CXL
(riboflavin instillation plus UV irradiation) was applied on
the enucleated eyes using similar protocols as in the clinic.
A set of eyes without treatment were measured to be used as
control.

RESULTS. In control corneas, SHG images showed a regular
distribution of lamellae across the stroma that appeared stable
for at least 6 hours postmortem. CXL changed the collagen
distribution pattern showing some abnormal structures. TPEF
revealed a large reduction in corneal thickness in CXL corneas
immediately after treatment. The changes in the distribution of
collagen bundles appeared also in corneas treated with ribo-
flavin only, but not followed by UV irradiation. SHG tomogra-
phy also revealed a partial recovery of the corneal thickness
with time.

CONCLUSIONS. Nonlinear microscopy (in both tomographic and
regular XY imaging configurations) was used to study spatial
and temporal changes in the cornea during and after CXL on
intact ocular globes. SHG imaging showed changes in the
morphology of anterior corneal stroma after CXL. Regular col-
lagen patterns turned into random distributed structures with
thicker bundles at some localized areas. This might be a con-
sequence of the corneal thickness decrease as a result of
riboflavin-dextran instillation. (Invest Ophthalmol Vis Sci.
2011;52:5325–5331) DOI:10.1167/iovs.11-7184

Keratoconus is a noninflammatory, progressive thinning
disease of the cornea that is characterized by the devel-

opment of a protrusion with an apex often located centrally or
in an inferior eccentric position.1 Keratoconic corneas show
alterations in the anterior corneal lamellar organization, and in
particular reduced lamellar interweaving compared to normal
corneas.2,3 The observed abnormalities in collagen distribution
and orientation have led researchers to propose mechanisms of
keratoconus progression that involve interfibrillar or interla-
mellar slippage, causing a redistribution of tissue within the
cornea.4 Biomechanical properties are affected and the corneal
shape becomes distorted, severely degrading retinal image
quality.5

Contact lenses and spectacles are the usual treatments
in the disease’s early stages. In more advanced stages, the
implantation of rigid PMMA rings in the stroma6 or penetrating
keratoplasty (PKP) are required.7 However, during the last
years, the so-called collagen cross-linking (CXL) technique has
been used successfully to stabilize keratoconus progression
and prevent ectasia.8 This surgical treatment is a minimally
invasive method based on the application of riboflavin-dextran
(used as a photosensitizer) after corneal epithelium removal,
followed by UVA irradiation. UVA irradiation has been reported
to cause chemical mechanisms of cross-linking by forming
intra- and interfibrillar covalent bonds between collagen fibrils
by photosensitized oxidation.9 This treatment increases cor-
neal stiffness,10,11 slowing down the keratoconus progression,
and the effects have been proven “long-term.”12

Since CXL treatment has become more common, their ef-
fects in terms of biomechanical changes,11–13 keratocyte apo-
ptosis,14 safety limits of UVA radiation, riboflavin dosage pa-
rameters and penetration depth,15,16 and the influence on
corneal laser sugery17 have been studied. Most previous studies
addressed the changes in the biomechanical properties of the
cornea, primarily through corneal strip extensiometry meth-
ods18 and, to a lesser extent, whole eye inflation methods.13

Bottós et al.19 visualized the effects of CXL treatment using
immunofluorescence confocal imaging. Wollensak et al.20 mea-
sured a significant increase in collagen fibril diameter on ultra-
thin sections of rabbit corneas, particularly in the anterior
stroma, after CXL.

Multiphoton microscopy techniques, such as two-photon
excitation fluorescence (TPEF) and second harmonic genera-
tion (SHG), are powerful minimally invasive tools for corneal
imaging.21–24 The natural structure of the corneal collagen,
with a lack of inversion symmetry center, produces a strong
SHG signal. Since Yeh et al.22 first reported SHG imaging in
rabbit corneas in 2002, different authors have explored the
distribution of collagen in normal healthy corneas, including
humans.24–28 Alteration in the arrangement of stromal collagen
bundles in pathologic human corneas, such as keratoconus,
bullous keratopathy or stromal edema, has also been stud-
ied.27,29,30 Moreover, the three-dimensional (3D) structure of
the corneal collagen has also been investigated.23 A recent
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study has reported a rapid (30-minute) distribution of riboflavin
throughout the corneal stroma and that CXL reduces the
amount of refractive change after myopic LASIK.31

However, to our knowledge, there is a lack of studies on the
morphologic changes induced in the corneal stroma by CXL
treatment, neither using radiographic diffraction nor nonlinear
imaging. In particular, nonlinear imaging techniques are non-
destructive and allow imaging of corneal structures in the eye
in situ, and they are therefore highly appropriate to investigate
the effects of CXL on the corneal collagen structure. The aim of
this work is to use backscattered nonlinear (SHG and TPEF)
microscopy in porcine and bovine corneas to study the stroma
organization after CXL treatment. The temporal evolution of
the corneal thickness and the 3D arrangement of the collagen
structure will be presented.

MATERIALS AND METHODS

Multiphoton Microscope

A research prototype nonlinear microscope equipped with adaptive
optics was used to record the nonlinear signals from the cornea. A
detailed description of the instrument can be found elsewhere.32,33

The setup used a mode-locked Ti:Sapphire laser (Mira900f; Coherent,
St. Clara, CA) as illumination and a photomultiplier tube (R7205–01;
Hamamatsu, Shizouka, Japan) as detection unit. The excitation wave-
length was set at 760 nm. The instrument was built on a modified
inverted microscope (Nikon TE2000-U) using a 20� objective (Nikon
ELWD; numerical aperture [NA] � 0.5). The SHG signal was collected
in the backward direction via the same objective. A dichroic mirror
separated the excitation light from the generated nonlinear signal
coming back from the sample. The XY scanning of the sample was
performed using two nonresonant galvanometric mirrors (VM1000;
GSI, Billerica, MA). A DC motor (PI C-136; Karlsruhe, Germany) cou-
pled to the objective position control allowed optical sectioning across
the entire cornea along the Z-direction. Two different filters (long-pass
and narrow-band) placed in the detection channel allowed for the
independent acquisition of either TPEF (FGL435; Thorlabs Inc., New-
ton, NJ) or SHG (FB380–10; Thorlabs Inc.) signals from the specimens
under analysis. The system also includes an adaptive optics module34

composed of a wavefront sensor and a deformable mirror.
Intact ocular globes were used for this experiment. CXL-treated

corneas and those with only riboflavin-dextran–instilled (epithelium
removed and no UV irradiation) were compared to normal corneas
used as control. In these control eyes, the epithelium was also previ-
ously removed. Labview (Austin, TX) and Matlab (The MathWorks,
Inc., Natick, MA) custom-developed software were used for image
acquisition, instrument control, and postprocessing. 3D images were
reconstructed using ImageJ free software.

Eyes

Fresh bovine (4 specimens) and porcine (12 specimens) ocular globes
were obtained from a local abattoir. All eyes were excised from
6-month old animals. The eyes were enucleated just after death and
transported to the laboratory within less than an hour postmortem.
During transportation, the samples were kept in a refrigerated cham-
ber at 4°C with cotton soaked in physiologic saline medium (sodium
chloride 0.9%). Samples were not stained or fixed, and the epithelium
was always removed before multiphoton imaging. All corneas ap-
peared clear during the entire experiment.

CXL Treatment

The CXL treatment was performed in accordance with the standard
clinical procedures.8 The corneal epithelium was firstly removed with
a scalpel to allow the photosensitizer solution to diffuse into the
stroma and facilitate UV light exposure. Then a solution containing
0.125% riboflavin (vitamin B2) and 20% dextran was instilled every 5
minutes for 30 minutes. Finally the corneas were irradiated with UVA
light for 30 minutes using a UV-X radiation system (IROC, Zurich,
Switzerland). This provides a UV irradiance of 2.038 mW/cm2 over an
area of 12 mm in diameter. During UV irradiation, riboflavin was also
instilled every 5 minutes.

Imaging Protocol

Two different imaging modes were used to record both TPEF and SHG
signals: a “regular” XY imaging along the Z axis and a XZ tomographic
imaging (similar to B scanning). These two imaging modes require
different temporal acquisition patterns. The acquisition time of an XY
image (500 � 500 pixels) is approximately 4 seconds, and therefore a
through-focus acquisition of 750 �m of corneal thickness (at 10 �m
Z-step and 3 frames/plane) takes approximately 15 minutes. However,
when using the tomographic method, the total acquisition time is
approximately 2 minutes for a recording of the same thickness (with 1
�m lateral separation). Whereas the former allows both the analysis of
structural changes across an XY plane for a particular depth position
and the reconstruction of 3D volume renderings of the cornea, the
latter permits a faster visualization of variations in corneal thickness
and the analysis of transversal changes in the corneal morphology after
treatment or manipulation. The entire CXL treatment together with the
acquisition of series of XY images across the whole cornea usually took
between 1.25 and 2 hours. To verify if changes in the stroma were
exclusively caused by CXL treatment, a control eye was imaged over a
period of 4 hours.

Because the microscope worked in a backscattered mode, the
ocular globes were placed in a bottom-glass dish filled with saline
solution (to ensure liability and humidity) in an upside-down position
(i.e., the corneal Bowman’s layer lying in contact with the cover glass).
However, for the sake of clarity, all XZ tomographic images in the

FIGURE 1. SHG images of the cor-
neal stroma of a untreated porcine
eye at different depths (spaced 40
�m and starting 10 �m below the
Bowman’s layer) acquired at 0, 2,
and 3 hours (top, middle, and bot-
tom rows, respectively). Scale bar:
100 �m.
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Results section will be represented in such a way that the anterior
stroma corresponds to the upper part of the image and the lower part
to the endothelium. For all specimens, the imaged areas corresponded
to the central cornea. Throughout this work, the 0-�m position for
corneal depth corresponds to the first Z-position where SHG signal is
detected; that location approximately corresponds to the Bowman’s
layer.

RESULTS

Figure 1 shows three series of SHG images of corneal stroma at
different depths captured at 0, 2, and 3 hours in an untreated
porcine eye (with scraped epithelium). The arrangement of the
collagen fibers did not change with time, except for some
minor modifications at deeper imaged areas after 3 hours. For
all images, the stroma arrangement was clearly outlined. In
particular, for the deepest positions the lamellae were densely
packed and showed an interwoven distribution. The width of
the bundles was around 5 �m.

Figure 2 compares the SHG images of a bovine cornea
before (top row) and immediately after CXL treatment (bottom
row). The images correspond to corneal depth positions 60
�m apart starting at the Bowman’s layer. CXL caused notice-
able changes in the arrangement of the collagen fibers, partic-
ularly in the anterior stroma. The collagen bundles appear
longer, less delineated, and less interwoven after CXL com-
pared to the intact tissue. At 315 �m of the Bowman’s layer,
there is no appreciable difference between treated and un-
treated corneas. Figure 3 shows the corresponding SHG mi-
croscopy images untreated and immediately after CXL in por-
cine corneas, for depth positions 40 �m apart. The arrangement
of the stromal collagen fibers lying mostly parallel to the corneal
surface of untreated corneas is lost with the CXL treatment. After
CXL, the map of collagen fibers presents a random distribution
which clearly contrasts with the regular orientation in an un-
treated cornea (Fig. 1 and upper panels in Fig. 3).

Figure 4 presents 3D volume renderings of both porcine
and bovine corneas, before and after CXL treatment, for an
axial range of 550 and 660 �m, respectively. For bovine cor-
neas, we used a set of SHG images recorded 10 �m apart, and
for porcine corneas, 15 �m apart. Figures 4B and 4D show a
compression of the stromal collagen of the cornea after the
CXL treatment. This decrease was one-third of the original

thickness for the porcine cornea and around one half for the
bovine cornea.

Figure 5 presents nonlinear tomographic images recorded
for different experimental conditions in porcine corneas. Fig-
ures 5A and 5B show the tomography images for TPEF and SHG
signal, respectively, for an untreated cornea after epithelium
removal and immediately before the CXL treatment. Autofluo-
rescence across the stroma, in Figure 5A, is related to the
presence of keratocytes. The signal at the bottom horizontal
band of the image originates from the endothelium. Figure 5B
depicts the corresponding SHG signal recorded for the same
cornea. Only signal from the stroma was observed.

Figures 5C and 5D show the nonlinear signals in the same
cornea after complete CXL treatment (riboflavin-dextran instil-
lation and UV irradiation). This treated cornea showed a reduc-
tion in thickness. The TPEF signal also increased through the
entire cornea (compared with Fig. 5A) because of riboflavin
fluorescence. Figures 5B and 5C also show that both TPEF and
SHG signals originate from the same areas, indicating that
riboflavin has correctly penetrated into the corneal stroma.
This ensures that the observed corneal thickness reduction is
not an artifact from the imaging method but an important
effect of the treatment.

Figures 5E and 5F compare the SHG signal (i.e., the struc-
ture of the stroma) in another untreated control cornea with
the epithelium removed as a function of time. These SHG
images were acquired 1 hour apart, which is the time required
to complete a CXL treatment. During this time, the specimen
was always laying upside-down on the cover glass and being
immersed in solution. No significant changes took place during
this time, and the corneal morphology is maintained.

After CXL treatment was performed, a progressive recovery
of corneal thickness with time occurred. Figure 6 presents a set
of tomographic SHG images of the cornea acquired 15 minutes
apart. The thickening rate was around 1 �m/second.

Figure 7 analyzes the effects of the riboflavin-dextran instil-
lation itself (no UV irradiation) during the time this process
lasts (30 minutes) in the CXL treatment (see Methods). Pairs of
TPEF-SHG tomography images were recorded every 10 min-
utes (i.e., 10, 20, and 30 minutes after the instillation started).
Because the sample was moved away from the microscope for
the instillation operation, we could not ensure that the three
pairs of images correspond exactly to the same central corneal

FIGURE 2. SHG images of the cor-
neal stroma in an untreated bovine
cornea (upper panel) and in a bovine
cornea immediately after CXL treat-
ment (lower panels). Depth posi-
tions are (from left to right) 15, 75,
135, 195, 255, and 315 �m from the
Bowman’s layer. Scale bar: 100 �m.

FIGURE 3. SHG images of the cor-
neal stroma in an untreated porcine
cornea (upper panel) and in a por-
cine cornea immediately after CXL
treatment (lower panels). Depth po-
sitions: 10, 50, 90, 130, 170, and 210
�m from the Bowman’s layer. Scale
bar: 100 �m.
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location, although this is not relevant for this particular analy-
sis. Because SHG signal originates from the entire stroma,
Figures 7B, 7D, and 7F must be taken as a reference for the
measurement of corneal thickness as a function of instillation
time. Figure 7A (TPEF signal) depicts how the riboflavin the
solution has diffused throughout the entire depth of the cornea
(“green” and “blue” areas are coincident) after the first 10
minutes of instillation.

A progressive reduction of the corneal thickness with time
is observed, which reveals that the dehydration effect of the
riboflavin-dextran solution is the main cause for corneal thin-
ning. In particular, Figure 7D (20 minutes of instillation) shows
that the SHG signal comes from a more reduced corneal area,
indicating that thickness is noticeable reduced compared to
Figure 7B. Accordingly, the companion Figure 7C depicts that
riboflavin covers the entire stroma (which is thinner now).
When the instillation finishes (30 minutes), the corneal thin-
ning is even more pronounced (Figs. 7E and 7F).

The effects of riboflavin-dextran instillation on corneal mor-
phology are illustrated in Figure 8, showing the SHG images

corresponding to two particular depth positions (100 and 150
�m) before and after riboflavin-dextran instillation in a porcine
cornea. The evident differences in the arrangement of the
collagen bundles before and after instillation of riboflavin-
dextran, and the similarity of the collagen arrangement after
riboflavin-dextran instillation (lower panels of Fig. 8) with
those after the entire cross-linking procedure (riboflavin-dex-
tran � UV irradiation; lower panels of Fig. 3) indicates that
riboflavin-dextran is not only responsible for the reduction of
corneal thickness, but also for the majority of the changes in
the corneal stromal collagen arrangement after CXL.

DISCUSSION

A research adaptive optics nonlinear microscope has been
used to visualize the structural changes in the corneal stroma
after CXL treatment in bovine and porcine ex vivo eyes. The
instrument works in backward configuration and provides
both TPEF and SHG signals, which have been reported to be
useful for noninvasive corneal imaging.22–31 We have shown
structural alterations of CXL-treated corneas, which confirms
the potential of this imaging modality for the analysis of the
effects of this treatment.

In previous studies, the dynamic changes of corneal struc-
tures imaged with multiphoton microscopy were not reported.
The dynamic changes occurring during the corneal collagen
CXL treatment could be important to better understand the
time course of the corneal response to the treatment. The use
of a new multiphoton imaging modality based on tomographic
sectioning has allowed a much faster recording of in-depth
images and therefore tracking dynamic changes across the
entire thickness of the sample. For this particular application,
we were able to record a tomographic image of the entire
cornea in approximately 2 minutes.

SHG microscopy has previously been used to detect differ-
ences in the organizational pattern of the stromal lamellae in
pathologic corneas, but to our knowledge, this has not been
used before to explore modifications in the stroma after CXL
treatment.

The use of a backscattering microscope configuration al-
lows for imaging of the intact eye. By applying nonlinear
microscopy to CXL-treated cornea specimens in intact eyes, it
has been shown that the stroma undergoes important morpho-
logic changes. In particular, SHG signal, which targets the
collagen structure, reveals changes in the organization and
arrangement of the collagen bundles. On the other hand, TPEF
provided quantitative, spatially resolved information of the
penetration depth of riboflavin.

FIGURE 4. 3D reconstruction of SHG signals of porcine (A, B) and
bovine (C, D) corneas, before (A, C) and after CXL (B, D). The upper
part of the images corresponds to the Bowman’s layer. The total
imaged thickness was 550 �m for (A) and 660 �m for (C).

FIGURE 5. Nonlinear (XZ) tomogra-
phy images of porcine corneas: TPEF
(A) and SHG (B) signals of a control
cornea after epithelium removal and
before CXL treatment. TPEF (C) and
SHG (D) signals from the same cor-
nea as in (A, B) acquired immediately
after CXL treatment. SHG signal from
another untreated (and epithelium
removed) cornea imaged 1 hour
apart (E, F). The top area of the fig-
ures corresponds to the Bowman’s
layer, in contact with the glass-bot-
tom dish. The plotted area is 700 �
215 �m2. Scale bar: 50 �m.
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Unlike most previous studies, we were able to image the
entire corneal thickness (up to 700 �m in control bovine eyes)
in the backscattered direction (before and after CXL treatment)
with comparatively lower incident energy. Technical improve-
ments, such as the use of a photon-counting unit in the detec-
tion pathway together with the wavefront control,32–34 al-
lowed us to record good quality images, even at the deepest
corneal layers, to visualize the organization of the corneal
stroma.

SHG images of bovine and porcine control corneas (Figs. 2
and 3) show the particular packing of stromal lamellae recently
reported.28 Although this pattern was maintained for several
hours in control eyes, it changed in CXL-treated corneas. Ran-
domly distributed, flattened, and abnormal structures of colla-
gen bundles in some localized areas are observed in post-CXL
eyes. In particular, it has been shown (Fig. 8) that morphologic
changes in the corneal stroma are a result of the riboflavin-
dextran itself, probably caused by dehydration produced by
dextran 20% solution. In bovine eyes, with a thicker stroma
containing thicker collagen bundles, the effects were more
evident. These variations were only found at the anterior
stroma, and the natural corneal fibrous structure seems to
remain intact in the posterior stroma. However, these changes
are local and difficult to generalize for the entire transversal
corneal section given the particular 3D arrangement of the
collagen fibrils and the limited scanned area available (up to
410 � 410 �m2). The thickening of the collagen bundles after
CXL have been reported before by Wollensak et al.20 in rabbit
eyes using biometric measurements of ultrathin corneal sec-
tions. The changes in the packing of the collagen fibers in

cross-linked areas of the cornea, as opposed to the arrange-
ment of nontreated areas, was recently reported by Steven et
al.35 using nonlinear microscopy on rabbit eyes.

Our results also show that a major effect in CXL treatment
is the transient decrease of corneal thickness during and im-
mediately after the treatment. Although Scheimpflug imaging
measurements have recently reported similar results,13 this is
the first time that multiphoton microscopy has been used to
quantify the effect in two and three spatial dimensions, to
observe these spatially resolved changes across the corneal
thickness and to track those changes as a function of time.

We have shown that corneal thinning is caused primarily by
the riboflavin-dextran solution, which is hyperosmolar and
consequently has a dehydrating effect on the stroma. The
decrease in corneal thickness by instillation of riboflavin (and
not the UVA radiation) immediately after treatment has been
reported both in vitro in animal models13 and intraoperatively
in human patients.36 There is wide evidence that the dehydrat-
ing properties of the dextran 20% solution in which the ribo-
flavin is diluted are the cause for corneal thinning (Kling S et al.
IOVS 2010;51:ARVO E-Abstract 4628). To prevent this, hypo-
osmolar solutions are currently under test.37 The impact of
other possible causes (such as dehydration by evaporation) is
negligible. In fact, previous experiments on de-epithelized cor-
neas (neither riboflavin nor CXL) did not show an increase of
corneal thickness during the 40-minute period (if anything,
corneas tended to slightly increase corneal thickness because
of edematization).13

For tomographic imaging, it has been shown that TPEF and
SHG signals are complementary. Whereas TPEF signal comes

FIGURE 6. SHG tomography images
of a porcine cornea after CXL treat-
ment recorded every 15 minutes.
The plotted area is 600 � 230 �m2.
Scale bar: 60 �m.

FIGURE 7. Effects of riboflavin-dex-
tran instillation in a porcine cornea
as a function of time. TPEF (A, C, E)
and SHG (B, D, F) tomographic im-
ages. Pairs of images were acquired
10 minutes apart (see details in the
text). The plotted area is 700 � 180
�m2. Scale bar: 50 �m.
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from endothelial layer and from the keratocytes (the epithe-
lium was removed), SHG is produced in the stroma. After CXL,
the thickness reduction is observed in both TPEF and SHG
tomography images. Both signals share the same cornea area,
which indicates that the riboflavin penetrated into the entire
corneal stroma. Moreover, the TPEF signal levels increased
through the entire cornea because of the properties of ribofla-
vin fluorescence. This rapid and even distribution of riboflavin
through the entire cornea has recently been reported by
Kampik et al.31 on enucleated porcine eyes.

SHG imaging also revealed a progressive recovery of corneal
thickness after CXL treatment. In the ex vivo eyes used here,
the increase in corneal thickness was approximately 1 �m/
second, but the initial thickness was never recovered.

Our results show that riboflavin-dextran solution causes
relevant microstructural changes in the collagen. This is con-
sistent with reports from X-ray diffraction38 and electron mi-
croscopy39 on corneas during dehydration that show that in a
first stage of dehydration, corneal collagen fibrillar distance
decreases as water is only released from the interfibrillar sub-
stance, and in a second stage, after dehydration exceeds a
critical value, structural transformation of the collagen fibrils
occurs with shrinkage and decrease in fibril diameter. Corneal
biomechanical properties have been shown to be modulated
by corneal hydration.40 Furthermore, recent measurements of
corneal deformation from inflation experiments show differ-
ences in the response of virgin corneas and corneas treated
with dextran and riboflavin-dextran, suggesting changes in the
interfibrillar distances but not a decrease in fibril diameter in
the presence of riboflavin.41 CXL has also been shown to
increase the stiffening of normal corneas by means of induc-
tion of intra- and interfibril bonds,4,9 and a similar mechanism
may contribute to the observation of ectasia progression in
keratoconic corneas.

The morphologic changes in the corneal stroma observed in
the present study indicate an increase in the packing of the
fibrils. This is consistent with a very recent study using SHG
imaging on CXL corneas.35 Although the conditions of mea-
surement are different from ours, the study reports changes in
the (XY) collagen distribution, from a wavelike to a more
homogenous pattern. However, the authors did not address
possible changes along the Z direction.

An open question of the present study is the possible
extrapolation of the results on bovine and porcine corneas to
human corneas. As recently shown, the collagen arrangement
of the cornea strongly depends on the species.33 Moreover,

corneal thickness and its stiffness (porcine corneas are more
elastic than human corneas) are also particular for each spe-
cies. Although some differences might be expected for human
corneas, biomechanical studies of CXL corneas from different
species have provided comparable conclusions. Despite differ-
ences in the natural organization of collagen fibers in bovine
and porcine corneas, we found organizational changes in both
species after CXL. The decrease in corneal thickness has been
also reported clinically in human patients (Ziebarth NM et al.
IOVS 2010;51:ARVO E-Abstract 4998). However, it is unlikely
that the intraoperative thinning of the cornea caused by dehy-
dration from dextran is related to redistribution of corneal
thickness observed in human patients several months after
surgery (in certain corneal locations). These long-term pachy-
metric changes are likely related to the biomechanical changes
leading to symmetrization of the keratoconic corneas after the
treatment.42

In conclusion, we have shown that multiphoton micros-
copy is a powerful tool for the study of corneal collagen
longitudinal changes after CXL treatment, shedding new light
on the mechanisms underlying this treatment. Thanks to the
sectioning capabilities of the SHG imaging, it has been possible
to reconstruct the 3D arrangement of the entire corneal stroma
and to observe the morphologic changes produced and the
evolution of the corneal structure before, during, and after CXL
treatment.
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