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PURPOSE. Corneal collagen cross-linking (CXL) by the use of
riboflavin and ultraviolet-A light (UVA) is a promising and novel
treatment for keratoconus and other ectatic disorders. Since
CXL results in enhanced corneal stiffness, this study tested the
hypothesis that CXL-induced stiffening would be proportional
to the collagen autofluorescence intensity measured with non-
linear optical (NLO) microscopy.

METHODS. Rabbit eyes (n � 50) were separated into five groups
including: (1) epithelium intact; (2) epithelium removed; (3)
epithelium removed and soaked in riboflavin, (4) epithelium
removed and soaked in riboflavin, with 15 minutes of UVA
exposure; and (5) epithelium removed and soaked in ribofla-
vin, with 30 minutes of UVA exposure. Corneal stiffness was
quantified by measuring the force required to displace the
cornea 500 �m. Corneas were then fixed in paraformaldehyde
and sectioned, and the collagen autofluorescence over the 400-
to 450-nm spectrum was recorded.

RESULTS. There was no significant difference in corneal stiffness
among the three control groups. Corneal stiffness was signifi-
cantly and dose dependently increased after UVA (P � 0.0005).
Autofluorescence was detected only within the anterior stroma
of the UVA-treated groups, with no significant difference in the
depth of autofluorescence between different UVA exposure
levels. The signal intensity was also significantly increased with
longer UVA exposure (P � 0.001). Comparing corneal stiffness
with autofluorescence intensity revealed a significant correla-
tion between these values (R2 � 0.654; P � 0.0001).

CONCLUSIONS. The results of this study indicate a significant
correlation between corneal stiffening and the intensity of
collagen autofluorescence after CXL. This finding suggests that
the efficacy of CXL in patients could be monitored by assessing
collagen autofluorescence. (Invest Ophthalmol Vis Sci. 2011;
52:4231–4238) DOI:10.1167/iovs.10-7105

Keratoconus is a common (1 in 2000 in the general popu-
lation), noninflammatory, progressive corneal disorder.1

The disease is characterized by the progressive thinning or
ectasia of the corneal stroma, leading to the formation of a
paracentral corneal cone, severe astigmatism, and visual im-

pairment.2 Current treatments include glasses; rigid gas-perme-
able contact lenses; intracorneal ring segments; or, as the
disease progresses, corneal transplantation, which maybe re-
quired in 20% of keratoconus patients.3,4

Recently, a novel treatment has been developed that in-
creases the stiffness of keratoconus corneas by increasing col-
lagen cross-linking (CXL) by the generation of singlet oxygen
after ultraviolet-A (UVA) excitation of riboflavin.5,6 Reports
suggest that CXL may increase corneal stiffness by more than
71.9% in porcine eyes and 329% in human eyes.7 Clinical
studies indicate that CXL significantly improves and stabilizes
vision in patients with keratoconus by reducing central corneal
steepness by as much as 3 to 4 D, while untreated, contralateral
eyes continued to show progression of disease.8–11

Although it is known that UVA exposure levels of 3 mW/
cm2 in riboflavin-saturated corneas results in cellular damage to
a depth of 300 �m,12 few studies have attempted to evaluate
the depth-dependent effects of CXL on stromal stiffening. Stud-
ies of corneal flaps taken at various depths after CXL and tested
by stress–strain behavior13 or sensitivity to collagenase diges-
tion14 suggest that corneal stiffening is limited to the anterior
200 �m of the corneal stroma. However, the detailed distribu-
tion and depth of CXL over corneal thickness remain un-
known.

Past reports indicate that collagen shows increased blue
autofluorescence (430 nm) after singlet oxygen–induced CXL
by glycosylation and/or chemical cross-linking agents like glu-
taraldehyde.15–17 Based on these data we evaluated the effect
of corneal CXL by UVA irradiation on collagen autofluores-
cence, as measured by nonlinear optical (NLO) microscopy. In
this report, we provide evidence that UVA-riboflavin–induced
CXL also enhances corneal collagen autofluorescence in the
spectral range between 400 to 450 nm and can be monitored
by using NLO. Further, the collagen autofluorescence signal
shows increasing intensity with increasing UVA exposure and
corneal stiffening. Overall, these findings suggest that monitor-
ing collagen autofluorescence may assist in evaluating the ef-
fects of CXL on the cornea.

MATERIAL AND METHODS

Rabbit Eyes and Treatment Groups

Rabbit eyes were shipped overnight on ice from an abattoir (Pel-Freez,
Rogers, AK), rinsed in minimal essential medium (Invitrogen, Carlsbad,
CA), and placed in 12-well tissue culture plates containing sufficient
medium to cover the scleral portion of the globe, leaving the corneal
surface exposed to air, to keep the corneal epithelium viable and
maintain corneal transparency. The eyes were then placed in a humid-
ified, CO2 tissue culture incubator at 37°C for 1 hour, to allow corneal
thickness to return to normal. All eyes used in the study were clear and
transparent by biomicroscopic examination before treatment. The eyes
were separated into five groups, composed of 10 eyes each: control 1
(intact epithelium), control 2 (epithelium removed), control 3 (epithe-
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lium removed and soaked in riboflavin without UVA irradiation), and
test groups 4 and 5 using UVA irradiation on de-epithelialized, ribofla-
vin-soaked corneas for 15 and 30 minutes, respectively. A 0.1% ribo-
flavin-5-phosphate solution (Sigma-Aldrich, St. Louis, MO) in phos-
phate-buffered saline (PBS; pH 7.2) containing 20% low-fraction
dextran (Acros Organics USA, Morris Plains, NJ) was applied every 2
minutes for 30 minutes before and during UVA irradiation. CXL was
achieved with a 3-mW/cm2, 370-nm light source (PriaVision, Menlo
Park, CA).

Immediately after CXL, the corneas were removed, along with 2 to
3 mm of scleral tissue, and corneal stiffness was measured within 15
minutes of UVA exposure. Corneas were then immediately fixed and
processed for assessment of collagen autofluorescence. So that all eyes
would be processed on the same day, the experiment was divided into
smaller batches of 10 to 15 eyes each. Eyes in each batch were
randomly assigned to the five groups (control and test), with all groups
equally represented. Treatment of eyes was then staggered by 15
minutes so that each eye was mechanically tested immediately after
riboflavin or UVA treatment. Data from all batches of eyes were then
pooled and analyzed. Although the corneas did not appear swollen in
biomicroscopic examination, the measured thickness of the corneas
after assessment of collagen autofluorescence showed increased thick-
ness. Nevertheless, assessment of corneal stiffness showed no differ-
ence between intact corneas and corneas from which the epithelium
had been removed and the cornea soaked in riboflavin, suggesting that
corneal swelling, if present, had little effect on the biomechanical
measurements.

Measurement of Corneal Stiffness

The removed corneas were clamped onto a transparent cylinder be-
tween two metal plates with a 12.7-mm-diameter central hole fixed on
a three-dimensional Cartesian coordinate positioning system compris-
ing three translation stages (Fig. 1a) driven by manual actuators (SM-25;
Newport, Irvine, CA). Two stages were assembled to provide mutually
perpendicular x–y axis movement, while a third stage was positioned
normal to the x–y plane or along the z-axis. A 250-�m diameter probe
with a round tip attached to a force transducer (model F10; Harvard
Apparatus, Holliston, MA) was fixed to the translation stage along the
z-axis. This assembly was used to displace the cornea, and signals from
the force transducer were amplified and filtered (TAM-D, PowerLab
4/30; Harvard Apparatus) and converted to force values with affiliated
software (Lab Chart; Harvard Apparatus). Each cornea was displaced

through 500 �m in 50-�m steps. Force-displacement plots for each
cornea were fitted to a second-order polynomial curve (R2 � 0.98)
(Excel; Microsoft, Redmond, WA), and the force/displacement or cor-
neal stiffness was calculated at 500-�m displacement by taking the
derivative of the second-order polynomial equation.

Assessing Collagen Autofluorescence

After stiffness measurements, the corneas were fixed overnight in 2%
paraformaldehyde (Mallinckrodit Baker, Inc., Phillipsburg, NJ) in PBS
(pH 7.2) at 4°C. The corneas were then washed in PBS, bisected along
the superior–inferior meridian, embedded in 10% low-melting-point
agarose (Lonza, Rockland, ME), and sectioned at 300-�m thickness
with a vibratome (The Vibratome Company, St. Louis, MO) as shown
in Figure 1b. Corneal sections were scanned with a confocal micro-
scope (model LSM 510 Meta; Carl Zeiss, Jena, Germany) with a 40�
immersion objective (NA 1.3) and two-photon microscopy (Chame-
leon femtosecond laser; Coherent Inc., Santa Clara, CA) with 760-nm
excitation. Emission spectra were detected (Meta Detector; Carl Zeiss)
over the 400- to 450-nm spectrum. To distinguish between collagen
autofluorescence and riboflavin fluorescence, we evaluated the spec-
tral emission profiles of riboflavin-soaked, CXL-treated corneas with
the lambda mode function of the CLSM (model LSM 510 Meta; Carl
Zeiss) over the spectral range from 382 to 682 nm using 760-nm
femtosecond laser excitation.

To assess differences in collagen autofluorescence, we tile scanned
the center of the corneal section with a 10 � 4 grid pattern to generate
a single, 5120 � 2048-pixel image of the cornea at 0.44-�m/pixel
resolution covering an area of 2.25 � 0.9 mm (Fig. 1c). Three regions
of the image were then analyzed for collagen autofluorescence inten-
sity along an 88-�m-wide region of interest extending from the anterior
to the posterior stroma. Using image processing software (Meta
Morph; Molecular Devices, Sunnyvale, CA), we calculated the average
fluorescence intensity along each line and plotted it as a function of
corneal depth. Differences between samples were analyzed by inte-
grating the area under the pixel intensity–depth curve.

Statistics

The significance of differences between groups was calculated with
one-way ANOVA on groups with the Holm-Sidak all pair-wise analysis
(SigmaStat ver. 3.11; Systat Software Inc., Point Richmond, CA). Linear

FIGURE 1. (a) Indentation force mea-
surement apparatus was composed of
an x–y translation stage supporting
the cornea holder (expanded view),
which clamped the cornea between
two metal plates with an O-ring. Cor-
neal stiffness was measured with a
force transducer with 250-�m diame-
ter indenting probe attached to a z-axis
translation stage. (b) After measuring
stiffness, the corneas were fixed, bi-
sected through the central cornea, em-
bedded in agarose, and vibratome sec-
tioned to obtain a 300-�m-thick central
corneal slice. (c) The central regions of
the vibratome sections were scanned
with nonlinear optical microscopy.
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regression analysis was used to determine the relationship between
corneal stiffness and collagen autofluorescence.

RESULTS

Effect of CXL on Corneal Stiffness

The average force required to displace the cornea over 500 �m
in the different treatment groups is shown in Figure 2. For the
control groups, displacement of the cornea required a gradual
and uniform increase in the indenting force that appeared
similar for corneas with intact epithelium (control 1), epithe-
lium removed (control 2), or epithelium removed and soaked
with riboflavin (control 3). By comparison, a greater indenting
force was necessary to displace the riboflavin-soaked, UVA-
exposed corneas, with a 30-minute UVA exposure requiring
the greatest force to displace the cornea over 500 �m. To
compare differences in corneal stiffness between groups the
mean corneal stiffness at 500 �m of displacement was statisti-
cally evaluated (Fig. 3). No significant differences were de-
tected between the control groups 1, 2, and 3, averaging
3.23 � 0.49, 2.93 � 0.35, and 3.58 � 0.65 mN/mm, respec-
tively. UVA exposure for 15 minutes significantly increased the
corneal stiffness to 6.07 � 0.73 mN/mm (P � 0.0001). By

comparison, UVA exposure for 30 minutes increased corneal
stiffness to 7.70 � 1.00 mN/mm, which was significantly
greater than the control (P � 0.0001) and 15-minute UVA
exposure (P � 0.0005). Overall, these findings indicate that
variations in UVA exposure times result in significant differ-
ences in corneal stiffening due to differences in the extent of
corneal CXL.

Effects of CXL on Collagen Autofluorescence

Laser scanning of corneal vibratome sections from control 3
corneas, previously treated with riboflavin and then fixed and
washed, did not detect any noticeable autofluorescence signal
with two-photon excitation of 760 nm (Fig. 4a). By contrast,
vibratome sections from riboflavin-soaked, UVA-exposed cor-
neas showed a strong autofluorescence signal (Fig. 4b), having
a spectral emission profile ranging from 390 to 682 nm with an
emission shoulder at 425 nm, indicating a peak, with higher
intensity peaks at 457 and 511 nm (Fig. 4c). It should be noted
that increased cellular autofluorescence of keratocytes and
endothelial cells was also detected in UVA-exposed corneas
(Fig. 4b, arrows). By contrast, the spectral emission profile of
riboflavin alone, when excited by 760 nm two-photon excita-
tion ranged from 460 to 682 nm with peaks at wavelengths

FIGURE 2. Force-displacement plots
for the five treatment groups (n �
10/group) showing average � SE for
displacements through 500 �m in
50-�m steps.

FIGURE 3. Average corneal stiffness
(�SD) for each group showing no
significant difference (NS) between
the control groups, and significantly
increased stiffness between the UVA-
exposed and control groups.

IOVS, June 2011, Vol. 52, No. 7 Riboflavin-Induced Collagen Autofluorescence 4233



longer than 511 nm. These findings indicated that CXL-induced
autofluorescence had an emission profile distinctly different
from that of riboflavin fluorescence and that collection of the
spectrum between 400 and 450 nm was specific for collagen
autofluorescence without overlap of any riboflavin fluores-
cence (Fig. 4c, shaded zone).

When corneal vibratome sections from control 3–treated
corneas were scanned and the fluorescent signal collected over
the 400- to 450-nm range, a very weak, uniform signal was
detected (Fig. 5a). By contrast, UVA-exposed corneas showed
greatly enhanced collagen autofluorescence localized to the
anterior cornea that appeared weaker in corneas exposed to 15
minutes of UVA than in those exposed to 30 minutes of UVA
(Figs. 5b, 5c). To quantify the amount and localization of
autofluorescence, we measured the signal intensity for three
different regions (Fig. 5, boxes). Each region of interest was
composed of an 88-�m-wide strip of cornea set normal to the
anterior corneal surface. As shown in Figure 5b, each pixel
inside the 88-�m-wide strip was located with 2D Cartesian
coordinates with the x-axis (depth) in the vertical direction and
the y-axis (corneal plane) in the horizontal direction. The 0
point along the x-axis was set to the anterior surface, and the
average signal intensity along a corneal plane was measured
and recorded at each depth, �(x0–n). The resolution of the
image was 0.44 �m, and the intensity was averaged over 200
pixels along the 88-�m width. The average intensity �(x) along
the x-axis was then plotted through the corneal depth for each
group. Since the raw collagen autofluorescence depth-intensity
plots contained noise associated with increased autofluores-
cence from stromal cells, noise was reduced by calculating a
running average over 15 pixels using the following equation:

For 0 � m � n, I�
m

� �
m	7

m�7

Im/15

where m is the position in the corneal depth (x-axis), Im is the
raw signal, I�

m
is the smoothed signal, and n is the position in

the x-axis posterior surface of the endothelium.
A smoothed plot for each treatment group is shown in

Figure 6. While control corneal sections showed a continu-
ously flat profile (Fig. 6a), sections scanned from UVA-treated
corneas showed a high collagen autofluorescence intensity
region in the anterior stroma (CXL region) and a stable, low-
intensity region in the posterior stroma that was presumed to
represent the background collagen autofluorescence signal
(stable region). A background value for collagen autofluores-
cence was then determined by measuring the average intensity
within the stable region starting at the corneal endothelium
(Fig. 6, point c) and extending 150 �m into the posterior
stroma (Fig. 6, point b). A range for the background level was
then determined by taking the mean background � SD (Fig. 6,
gray line). The CXL region was then defined as the collagen
autofluorescence intensity levels that exceeded background
range. The point where the collagen autofluorescence inten-
sity curve intersected the background range was defined as the
depth of the CXL region, which was not significantly different
between the 15- and 30-minute UVA exposures, averaging
259 � 22 and 271 � 31 �m or 43.8% and 46.7% of the corneal
thickness, respectively (Fig. 6, point a).

With these parameters, the collagen autofluorescence inten-
sity was integrated within the anterior 100 �m of stroma
(CAF100) and over the entire CXL region (CAFtotal) for all three
regions, and the average collagen autofluorescence intensity
per corneal section was recorded. Overall, there was no sig-
nificant difference between the regions in the same corneal
section, suggesting that collagen autofluorescence is uniform
over the surface of the central cornea. In a comparison of the
two treatment groups, the intensity of collagen autofluores-
cence was significantly greater (P � 0.001) in corneas exposed

FIGURE 4. (a) Collagen autofluores-
cence image (400–450 nm) of con-
trol corneas treated with riboflavin.
Corneas were fixed and washed to re-
move excess riboflavin. (b) Collagen
autofluorescence image (400–450
nm) of a riboflavin-soaked and 30-
minute UVA-exposed cornea show-
ing increased fluorescence in the an-
terior corneal stroma after removal of
the riboflavin. Note the presence of
cellular autofluorescence in the cor-
neal stroma and corneal endothelium
(arrows). (c) Emission spectra of
nonlinear optical signals generated
by 760-nm femtosecond laser light
from riboflavin and corneas after UVA-
induced CXL. Riboflavin showed peak
fluorescence at 521 nm, whereas CXL
corneas showed peak fluorescence at
425 nm. Bar, 100 �m.
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to UVA for 30 versus 15 minutes (Fig. 7). In addition, whereas
the values for CAF100 were lower, there was a significant
correlation (P � 0.001) between CAF100 and CAFtotal (R2 �
0.86), indicating that measuring collagen autofluorescence in
the anterior corneal stroma was highly predictive of the total
collagen autofluorescence.

The relationship between the CAFtotal integrated signal in-
tensity and the change in the corneal stiffness with UVA treat-
ment is shown in Figure 8. Regression analysis indicated that
there was a significant relationship (P � 0.001; R2 � 0.654). It
should be noted that the kinetics of CXL has not been estab-
lished and that the relationship between collagen autofluores-
cence and CXL may not be linear.

DISCUSSION

In this study, CXL led to enhanced collagen autofluorescence
that was detectable with two-photon excitation by a 760-nm
femtosecond laser light. Although normal rabbit corneas
showed no detectible collagen autofluorescence, collagen is
known to have several autofluorescence emission maximums
at 310, 385, 390, and 530 nm.18 More important, oxidation of
collagen using singlet oxygen, ozone, or UV light results in the
formation of glycosylation-mediated, blue autofluorescence
collagen cross-links with an emission maximum of 430 nm.15,19

Since riboflavin is thought to induce CXL through the genera-
tion of oxygen free radicals,5,6 our detection of enhanced blue
autofluorescence is consistent with the formation of riboflavin-
induced collagen cross-links potentially mediated by glycosyl-
ation.

Previous studies have used 430-nm collagen autofluores-
cence to noninvasively assess the accumulation of advanced
glycation end products in diabetic patients and collagen con-
tent during gestation in rats.20–22 Our findings showing signif-
icant differences in the intensity of collagen autofluorescence
at different levels of CXL likewise suggest that monitoring
collagen autofluorescence using nonlinear optics may be a
useful clinical approach to assessing the efficacy of CXL in
patients. Currently, corneal stiffening after CXL is measured
with destructive biomechanical testing, whereas attempts to
measure the biomechanical effects in patients using the ocular
response analyzer have remained controversial.23,24 Recently,
nonlinear optical microscopy has been used to noninvasively
characterize the biomechanical properties of collagen.16,17

These studies show that measuring both collagen content by
detecting second harmonic–generated (SHG) signals and CXL
by detecting two-photon–excited collagen autofluorescence
can be used to predict the bulk elastic modulus of glutaralde-
hyde cross-linked collagen hydrogels. Since CXL induces
changes only in collagen autofluorescence, we propose that

FIGURE 5. Collagen autofluorescence
(400–450 nm) image taken from (a) a
control, riboflavin-treated cornea, (b)
a 15-minute UVA-exposed cornea,
and (c) a 30-minute UVA exposed
cornea. Note the presence of auto-
fluorescence in the anterior stroma
after UVA exposure (b, c) and the
increase intensity after 30-minute
UVA exposure (c). To quantify the
collagen autofluorescence, the aver-
age intensity along each plane (y)
was measured and plotted as a func-
tion of depth (x). Bar, 100 �m.
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monitoring two-photon–induced corneal collagen autofluores-
cence in patients would be an advanced approach for assessing
biomechanical stiffening by CXL in real time. This monitoring
could be achieved by using a spectral analyzer (similar to the
Meta detector; Carl Zeiss) or more easily by using a narrow
bandpass filter covering 400- to 450-nm emission spectra. Al-
though additional study is needed to determine the relation-
ship between collagen autofluorescence and mechanical stiff-
ening in the human cornea, measuring the biomechanical
effects of CXL in patients will become increasingly important
as new approaches to the application of riboflavin and UVA to
the cornea are proposed.

Detection of the collagen autofluorescence signal also
showed that CXL was generally limited to the anterior corneal
stroma and that 64% and 58% of the total collagen autofluores-
cence was contained within the first 100 �m for the 15- and
30-minute UVA-exposed corneas, respectively. This finding is
consistent with previous studies showing mechanical stiffen-
ing and resistance to enzymatic digestion limited to the ante-
rior 200 �m of the stroma.13,14 Cross-linking in this region is
also consistent with the measured depth of penetration of
riboflavin into the cornea using riboflavin fluorescence.25–27

However, it should be noted that the collagen autofluores-

cence signal, although greatly reduced, extended deeper into
the cornea. This deeper penetration is also consistent with the
measured depth of keratocyte cell death after CXL.12 Although
keratocyte damage was not assessed in this study, increased
keratocyte autofluorescence was also noted, which may be
related to cellular damage induced by oxygen free radical
formation or UVA exposure. Interestingly, the cellular autofluo-
rescence was also detected in the posterior stroma and corneal
endothelium, though at reduce intensity. Corneas treated with
UVA alone for 30 minutes without riboflavin also showed a
slight increase in cellular autofluorescence, greater than that
detected in control corneas, but substantially less than ribofla-
vin-UVA–treated corneas (data not shown). The significance of
these findings is not clear, and further study is necessary to
determine whether the autofluorescence is linked to potential
undetected cellular injury or stress due to UVA and/or ribofla-
vin.

In this study, the material property of the cornea was
measured by corneal indentation. Our approach is similar to
that used by Ahearne et al.,28 which has been shown to pro-
vide a direct and reproducible measurement of the biome-
chanical stiffness of the human and pig cornea. A more con-
ventional approach is strip extensometry, which is uniaxial and

FIGURE 6. Representative smoothed
collagen autofluorescence signals for
(a) control, riboflavin-treated, (b) 15-
minute UVA-exposed, and (c) 30-
minute UVA-exposed corneas start-
ing at the anterior cornea (ANT) and
extending to the posterior cornea
(POS). Autofluorescence intensity
was quantified by first determining
the average plus one SD of the back-
ground fluorescence level (gray line)
within 150 �m of the posterior cor-
nea (stable region, between points b
and c). Intensity values above this
level were assumed to represent the
area of CXL (CXL region), and the
area under the curve were integrated
to represent the fluorescence in-
creased by CXL (CXL region, be-
tween ANT and point a).
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has disadvantages in that measurements only assess those col-
lagen fibrils parallel to the direction of strain,29 are dependent
on the direction of the corneal strip,30 and ignore the effect of
flattening or stretching a curved surface.31 A more relevant
assay is bulge or inflation testing, which is biaxial and axisym-
metric. This approach has several technical drawbacks, includ-
ing potential leakage and difficulty in applying a controlled
pressure when considering dissolved and trapped air bubbles
in solution. The corneal indentation method used in the pres-
ent study provides biaxial and axisymmetric stress similar to
that obtained by inflation testing, while providing more con-
trolled application of force during testing.28 The corneal inden-
tation method also has disadvantages, in that damage to the
endothelial layer occurs during indentation and change of
corneal shape. However, the effect on measured corneal stiff-
ness should be negligible, since the cornea is only indented
once by 500-�m displacement achieved a small magnitude of
indenting force. In addition, the direction of strain is not
normal to the corneal surface, as occurs in inflation testing.

It should be noted, however, that the stiffness values re-
corded using corneal indentation show considerable variation.
This variation is comparable to that obtained by other investi-
gators using different approaches6,7 and may in part explain
the lower correlation values detected between autofluores-

cence and stiffness. These findings also suggest that the bio-
mechanical stiffness of the individual corneas may be highly
variable and that measurement of collagen autofluorescence
would not likely be able to predict the exact change in corneal
stiffness. However, measuring collagen autofluorescence in
patients before and after CXL would provide important infor-
mation on the success of treatment (CXL or no CXL) and the
relative level of stiffening.

A recent published study also detected increased corneal
autofluorescence after CXL in rabbit corneas using an excita-
tion wavelength of 710 nm.32 However, that study evaluated
autofluorescence over a broad spectrum (380–530 nm), which
includes cellular autofluorescence from NAD(P)H/FAD as well
as riboflavin. Although tissues were not collected until 2 weeks
after CXL, a contribution by residual riboflavin cannot be ex-
cluded. In the present study we specifically collected fluores-
cence data over the 400- to 450-nm spectrum, effectively ex-
cluding riboflavin fluorescence. Furthermore, the present
study shows for the first time that there is a proportional
increase in collagen autofluorescence associated with longer
UVA exposure times and increased corneal stiffening that was
not noted in the more recent study.

In conclusion, CXL induces enhanced collagen autofluores-
cence that can be detected with two-photon–excited fluores-

FIGURE 7. Plot of collagen autofluo-
rescence within the anterior 100 �m
of cornea (CAF100) and the total au-
tofluorescence signal (CAFtotal) for
corneas exposed to UVA for 15 or 30
minutes (R2 � 0.86; P � 0.001) be-
tween the CAF100 and CAFtotal and
that 30 minutes of UVA exposure
generated significantly more colla-
gen autofluorescence than did 15
minutes of UVA exposure (P �
0.001).

FIGURE 8. Linear regression analysis
of collagen autofluorescence and
corneal stiffness between control
corneas treated with riboflavin alone
and corneas treated with UVA for 15
or 30 minutes. Note that there was a
significant correlation, with increas-
ing corneal stiffness associated with
increasing collagen autofluorescence
(P � 0.001).
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cence. Furthermore, the intensity of collagen autofluorescence
is related to the time of UVA exposure and the amount of
mechanical stiffening of the cornea. These findings suggest
that measuring two-photon–induced collagen autofluores-
cence has the potential of assessing CXL in patients, and future
studies must to be conducted to test this hypothesis.
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