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PURPOSE. Collagen XII plays a role in regulating the structure and mechanical properties of
the cornea. In this work, several optical elastography techniques were used to investigate
the effect of collagen XII deficiency on the stiffness of the murine cornea.

METHODS. A three-prong optical elastography approach was used to investigate the
mechanical properties of the cornea. Brillouin microscopy, air-coupled ultrasonic optical
coherence elastography (OCE) and heartbeat OCE were used to assess the mechanical
properties of wild type (WT) and collagen XII–deficient (Col12a1–/–) murine corneas. The
Brillouin frequency shift, elastic wave speed, and compressive strain were all measured
as a function of intraocular pressure (IOP).

RESULTS. All three optical elastography modalities measured a significantly decreased
stiffness in the Col12a1–/– compared to the WT (P < 0.01 for all three modalities). The
optical coherence elastography techniques showed that mean stiffness increased as a
function of IOP; however, Brillouin microscopy showed no discernable trend in Brillouin
frequency shift as a function of IOP.

CONCLUSIONS. Our approach suggests that the absence of collagen XII significantly soft-
ens the cornea. Although both optical coherence elastography techniques showed an
expected increase in corneal stiffness as a function of IOP, Brillouin microscopy did not
show such a relationship, suggesting that the Brillouin longitudinal modulus may not
be affected by changes in IOP. Future work will focus on multimodal biomechanical
models, evaluating the effects of other collagen types on corneal stiffness, and in vivo
measurements.

Keywords: optical coherence elastography, biomechanics, Brillouin microscopy,
collagen XII

The mechanical properties of the cornea are important
for understanding its structure, function, and contribu-

tion to overall ocular health.1,2 Various ocular pathologies
and treatments alter these properties, such as keratoconus3

and corneal collagen cross-linking.4 Although several tools
and technologies have been developed to investigate the
mechanical properties of the cornea, applications have been
primarily geared toward diagnostics and treatment monitor-
ing, and some clinical devices have made significant contri-
butions toward that goal.5,6 However, analyzing the biome-
chanical effects of specific components of the cornea that are
critical to its structural integrity is an area that needs further

investigation. In particular, the organization and structure of
the corneal stroma are of particular relevance as it makes up
90% of the cornea.7 The relationship between collagen fibril
orientation in the stroma and its stiffness has been stud-
ied,8–10 and there have also been focused studies evaluat-
ing how the absence of particular collagen proteins affect
corneal stiffness.11 In this study, we investigate the effect of
collagen XII12 on the stiffness of the corneal stroma.

The specific function of collagen XII in the cornea is
not well understood, but it is upregulated during stromal
wound healing and is present in stromal scars.13 Further-
more, the literature suggests that this protein is critical for
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the development of the cornea,14,15 regulates tissue structure
and function,16,17 and cell organization16 and its expression
is influenced by mechanical forces.18 As such, understand-
ing the effects that collagen XII has on the biomechani-
cal properties of the cornea would uncover the effects of
this protein on corneal biomechanical properties, structure,
and function. Elastography techniques would be particularly
well-suited to assess the biomechanical properties of the
cornea.19,20 Ultrasound elastography21 has been utilized to
assess the mechanical properties of the cornea effectively.22

As with many diseases,23 studies that examine the effects
of individual corneal components are often performed in a
murine model. Despite recent advances in this technology
to improve resolution and displacement sensitivity,24 ultra-
sound elastography is still ill-suited to perform measure-
ments in the small and thin tissue structures such as murine
ocular tissues. Similar limitations (e.g., resolution) restrict
the use of other clinical elastography methods, such as
magnetic resonance elastography.25

Optical elastography techniques19 are well suited for
measuring the mechanical properties of the murine cornea
due to the superior resolution and sensitivity of optical imag-
ing modalities.5 Optical elastography methods are largely
composed of Brillouin microscopy (BM)26 and optical coher-
ence elastography (OCE).27 Brillouin microscopy is an imag-
ing modality that measures spectral changes in scattered
light in a sample based on spontaneous pressure and
density fluctuations within a sample.28 These fluctuations are
related to the viscoelastic properties of a material. Brillouin
microscopy is an all-optical modality and has been effec-
tively used to map the depth-wise mechanical properties in
ocular tissues, including the cornea, lens, and the retina.29–32

However, decoupling sample hydration and viscoelasticity
from the Brillouin modulus signature is a non-trivial problem
in biological tissue, which results into challenges establish-
ing a fundamental relationship between the Brillouin modu-
lus and Young’s modulus.33,34

Optical coherence elastography (OCE),35–38 on the other
hand, enables the assessment of material mechanical prop-
erties by using optical coherence tomography (OCT)39 to
image and detect tissue response to an excitation force. The
measured tissue response is then translated to mechanical
properties with an appropriate mechanical model. Gener-
ally, OCE methods are subdivided based on the tempo-
ral properties of the excitation force,36 either dynamic37

or static/quasi-static.38 Dynamic OCE techniques are largely
wave based, where the measured tissue response is in the
form of the propagation of an elastic wave. This wave can
be induced using a variety of methods, including but not
limited to a piezoelectric transducer,40 air puff,41 or air-
coupled ultrasound transducer (ACUS) 42,43 and has been
performed regularly to study the mechanical properties
of ocular tissues,5,38 including the cornea.5 On the other
hand, quasistatic methods typically involve detecting sample
response to slow rate displacements, such as inter-frame
compression by a mechanical actuator or the heartbeat
induced ocular pulse,44,45 which have also been used to
study the biomechanical properties of the cornea.46–48

In this work, we used BM, air-coupled ultrasonic opti-
cal coherence elastography (ACUS-OCE), and heartbeat OCE
(Hb-OCE) to assess the mechanical properties of colla-
gen XII deficient (Col12a1–/–) corneas in comparison to
wild type (WT) corneas. Each of these methods provides
complementary information regarding the mechanical prop-
erties of the tissue. BM provides biomechanical analysis of

tissues at high frequency and high resolution independent of
corneal boundary conditions. The Lamb wave propagation
speed measured by ACUS-OCE can be translated to shear
modulus and represents the shear mechanical properties of
the cornea.49 Hb-OCE, although typically semi-quantitative,
can effectively measure the compressive mechanical prop-
erties of the cornea (i.e., along the axial direction) and
can provide quantitative information when the ocular pulse-
induced pressure fluctuation is known.45 Using these opti-
cal methods, we investigate how the absence of collagen XII
affects corneal stiffness in a murine model.

METHODS

Sample Preparation

Fresh, whole eyes from C57BL/6 and 129/SvJ mixed back-
ground mice were shipped overnight in corneal preservation
media (Optisol; Chiron Ophthalmics, Irvine, CA, USA)50 and
separated into batches for measurement by each optical elas-
tography modality. All experiments were concluded within
48 hours of enucleation. WT and collagen XII deficient
(Col12a1–/–) corneas were dissected from the whole eye
globes with a scleral ring intact. Before measurement, the
corneoscleral buttons were mounted on a three-dimensional
printed artificial anterior chamber with a 2.3 mm opening for
liquid infusion and withdrawal. The mount was connected
to a closed-loop intraocular pressure (IOP) control system,
which consisted of a custom artificial anterior chamber, pres-
sure transducer, and micro-infusion pump.51 Corneoscleral
buttons were pressurized with a solution of 1× phosphate-
buffered saline solution. Optical elastography measurements
were taken in the range of 10 mmHg to 25 mmHg at 5 mmHg
intervals, and pressure was held constant at each interval to
allow the internal pressure to settle. Corneal hydration was
maintained with regular topical addition of 1× phosphate-
buffered saline solution.

Brillouin Microscopy

Brillouin microscopy was performed in WT (n = 5) and
Col12a1–/– (n = 5) corneas using a home-built setup52

consisting of a 660 nm single-mode laser source (Torus;
Laser Quantum Inc., Fremont, CA, USA), with 35 mW power
on the sample. The Brillouin frequency shift was detected by
a spectrometer composed of a dual-stage virtually imaged
phase array spectrometer53 with 30 GHz of free spectral
range. The Brillouin spectrometer was calibrated with stan-
dard materials, including water and acetone before each
measurement. Brillouin measurements were acquired with
a microscope objective with 0.25 numerical aperture, result-
ing in an axial resolution of ∼36 μm and lateral resolution of
∼3.8 μm, measured using a beam profiler (LaserCam-HR II;
Coherent Inc., Santa Clara, CA, USA). The backscattered light
collected from the sample was transferred to the dual-stage
virtually imaged phase array spectrometer through a single-
mode optical fiber. An electron multiplying charge coupled
device camera (iXon Andor, Belfast, United Kingdom) was
used to detect the Brillouin frequency shift. The exposure
time of the camera was 0.1 second during all the measure-
ments. Brillouin images were acquired along a 1.5 mm lateral
region at the apex of the cornea (50 pixels) and 120 μm
axially (25 axial pixels along the thickness of the cornea).
The total acquisition period was 125 seconds per sample.
As shown in Fig. 1a), the Brillouin system was co-aligned
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FIGURE 1. (a) Brillouin/OCT microscopy system schematic. (b) OCE system schematic. ADC, analog to digital converter; BPD, balanced
photodetector; C, collimator; CCD, charged coupled device; DAC, digital to analog converter; DM, dichroic mirror; EMCCD, electron multi-
plying CCD; FC, fiber coupler; PBS, polarizing beam splitter; PC, polarization controller; SLD, superluminescent diode; VA, variable attenuator;
VIPA, virtually imaged phase array; λ/4, quarter wave plate.

with a swept-source OCT system with a central wavelength
of 1310 nm, bandwidth of 105 nm, and A-scan rate of 50 kHz
for image-guided Brillouin measurements.52

ACUS-OCE

ACUS-OCE43 measurements were performed in WT (n = 4)
and Col12a1–/– (n = 4) corneas with an 840 ± 25 nm wave-
length SD-OCT system, with ∼6 μm axial resolution, ∼8 μm
transverse resolution, and ∼0.5 nm displacement stability. A
spherically focused ACUS transducer with a ∼34 mm diam-
eter and ∼10 mm diameter round opening was co-focused
with the OCT sample beam.43 The transducer had a central
resonance frequency of 1 MHz and was mounted ∼20 mm
away from the surface of the tissue, equivalent to its focal
length. Excitation was performed using three cycles of a 3
kHz square pulse (50% duty cycle) amplitude modulating a
continuous 1 MHz signal. The pressure exerted by the trans-
ducer at this excitation frequency was measured as 40.78 ±
7.57 kPa by needle hydrophone, and 99% of this pressure is
reflected to induce a displacement in the tissue.54 This signal
was then amplified using a radio-frequency amplifier (A150;
Electronics & Innovation, Rochester, NY, USA) before driving
the ACUS transducer.

OCE measurements were taken in M-B-mode configura-
tion36 at 50 kHz A-line scan rate with M-scan length of 1000
A-lines acquired along time (20 ms) at each imaging position.
The ACUS-induced displacement produced at the corneal
apex resulted in the propagation of a Lamb wave across the
cornea. The wave propagation was sampled over 251 posi-
tions along the lateral direction over a 3.8 mm region across
the center of the cornea. Each measurement took approxi-
mately five seconds. Peak tracking was used to calculate the
time it took for the wave to propagate across the tissue and
thereby estimate the elastic wave speed.

Hb-OCE

Hb-OCE45 measurements were performed in WT (n = 4),
and Col12a1–/– (n = 5) corneas using the same SD-OCT
system. The ocular pulse was simulated using an induced
sinusoidal fluctuation of IOP with a 2 mm Hg peak to
peak amplitude and 5 s period using the closed loop IOP
system for each baseline IOP (10 mm Hg to 25 mm Hg
with 5 mm Hg increments). Images with a B-scan size of

1000 A-lines were acquired across a central 3 mm region
of the cornea over three IOP cycles, or 15 seconds. The
IOP was synchronously recorded with the OCE imaging,
and the IOP was co-registered with the OCE images. Axial
motion between successive images was detected using a
complex conjugate method, and the inter-frame phase differ-
ence depicting the corneal motion was denoised using a
vector averaging technique55 using a 15 μm isometric kernel.
This phase motion was translated to displacement, which
was then normalized to the surface of the cornea such that
the inter-frame motion at the corneal surface was 0 for
each A-line for each frame. A least squares linear regres-
sion algorithm was used to translate the axial displace-
ment measured at each A-line to strain using a 30 μm axial
kernel.56 The average strain for each frame over time was
calculated for the 15 second measurement period. The aver-
age peak strain over multiple cycles was reported as the
strain of each sample at each baseline IOP. A more detailed
description of the Hb-OCE technique is described in previ-
ous work.45 Because the amplitude of the IOP, or the stress
on the cornea, was recorded between samples, this strain
value corresponds to the stiffness of the cornea. It should
be noted that a high strain corresponds to a lower stiffness,
and a low strain corresponds to a higher stiffness.

The schematic for the OCE system that was used to
acquire ACUS-OCE and Hb-OCE measurements is shown
in Fig. 1b).

RESULTS

OCT intensity images for representative samples of the WT
and Col12a1–/– corneas are shown in Figures 2a and 2b,
respectively. Corneas are shown mounted on the IOP control
system at 20 mmHg. Note that there is a distinct visual differ-
ence between the corneas.

The results of Brillouin microscopy are shown in
Figure 3. Figures 3a and 3b show representative Brillouin
microscopy images of a WT and Col12a1–/– sample, respec-
tively. Figure 3c shows the Brillouin frequency shift distri-
bution at each IOP as a box and whisker plot, where the
box corresponds to the interquartile range, the whiskers
are 1.5 times the interquartile range, the line through the
middle of the box corresponds to the median, and the hollow
central box corresponds to the mean. Although Brillouin
microscopy does not show a distinct relationship between
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FIGURE 2. OCT intensity image of a representative (a) WT and (b) Col12a1–/– murine cornea. Scale bars: 250 μm.

FIGURE 3. Brillouin microscopy images of a representative (a) WT and (b) Col12a1–/– cornea at 10 mm Hg IOP. (c) Box and whisker plot of
the Brillouin frequency shift for all measured samples (WT: N=5, and Col12a1–/–: N = 5), where the box represents the interquartile range
(IQR), and the whiskers represent 1.5 times the IQR. Each points represents the mean sample Brillouin frequency shift. Scale bars: 100 μm.

the Brillouin shift and IOP, there was a statistically signif-
icant difference (Mann-Whitney U-test, U = 378.5, P <

0.001) between the Brillouin frequency shift in WT and the
Col12a1–/– corneas. On average, the Brillouin shift in the WT
corneas was approximately 1.5% higher than the Col12a1–/–

corneas, which corresponds to an approximately 3% differ-
ence in Brillouin modulus, calculated using the methods
described in previous work.57

The results of the ACUS-OCE measurements are shown
below in Figure 4. Figures 4a and 4b show the ACUS-OCE
wave speed maps for representative WT and Col12a1–/–

samples, respectively. Figure 4c shows the sample distribu-
tion in box and whisker plots as previously explained. The

results show an expected increase in Lamb wave speed as
a function of IOP in both groups of corneas. Furthermore,
the difference in wave speed in corneas of both tissue types
was statistically significant by a Mann Whitney U-test (U =
229, p < 0.001), where the average wave speed in the WT
corneas was 36% higher.

Finally, the results of the Hb-OCE measurements are
shown in Figure 5. Figures 5a and 5b show the Hb-OCE
elastograms for representative WT and Col12a1–/– corneas,
respectively, and Figure 5c shows the distribution of the
average strain measured from each sample. To maintain
consistency with previous work in Hb-OCE, compressive
strain is shown as a positive value. The elastograms shown
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FIGURE 4. ACUS-OCE wave speed maps of a representative (a) WT and the (b) Col12a1–/– cornea at 10 mm Hg IOP. (c) Box and whisker
plot of the Lamb wave speed for all measured samples (n = 4 WT and n = 4 Col12a1–/–), where the box represents the interquartile range
(IQR), and the whiskers represent 1.5 times the IQR. Each point represents the mean sample Lamb wave speed. Scale bars: 100 μm.

FIGURE 5. Hb-OCE elastograms of a representative (a) WT and the (b) Col12a1–/– cornea at 10 mm Hg IOP. (c) Box and whisker plot of the
compressive strain for all measured samples (n = 4 WT and n = 5 Col12a1–/–), where the box represents the interquartile range (IQR), and
the whiskers represent 1.5 times the IQR. Each points represents the mean sample strain. Scale bars: 100 μm.

here illustrate the instantaneous strain at peak IOP elevation
rate when the IOP-induced displacement is at its highest.
Details regarding the Hb-OCE elastograms are beyond the
scope of this work but have been detailed in previous publi-
cations.45,46 Note that in these measurements, the amplitude
of the sinusoidal IOP fluctuation was kept similar for all
samples, meaning that the measured strain is comparable
between samples. Strain measured by Hb-OCE is inversely
related to Young’s modulus in the axial direction, such that
a low strain indicates high stiffness. Note that whereas mean
strain decreases (i.e., stiffness increases) as a function of
IOP in both the WT and the Col12a1–/– corneas, the mean
strain in the Col12a1–/– corneas was greater than in the WT
corneas. Overall, the strain in the Col12a1–/– corneas was
44% greater than in the WT corneas. A Mann-Whitney U-test
comparing the mean strains of both sample types showed
a statistically significant difference between both groups (U
= 80, P < 0.01) at the 0.05 significance level. Furthermore,

there was a nonlinear decrease in the strain as a function of
IOP in both sample types.

Finally, the Table summarizes the data shown in
Figures 3 to 5. An analysis of variance test performed on
each tissue group showed an insignificant difference in Bril-
louin frequency shift as a function of IOP (df = 3, F =
0.49, P = 0.70). An statistically insignificant relationship (df
= 3, F = 2.36, P = 0.12) between measured compressive
strains at different IOPs was also detected in the WT corneas
measured by Hb-OCE, presumably because of the large vari-
ance in strain measured within that group, although the
mean strain does decrease as a function of IOP. However,
there was a statistically significant difference in wave speed
as a function of IOP measured by ACUS-OCE in both the WT
(df = 3, F = 9.3, P = 0.002) and Col12a1–/– (df = 3, F = 4.4,
P = 0.03) corneas, and a statistically significant difference
in stiffness as a function of IOP in the Col12a1–/– corneas
measured by Hb-OCE (df = 3, F = 67.9, P < 0.001).
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TABLE. Summary of Optical Elastography Results for WT and Col12a1–/– Corneas for Each Measured IOP

Brillouin Frequency Shift (GHz) Lamb Wave Speed (m/s) Compressive Strain (mε)

WT Col12a1–/– WT Col12a1–/– WT Col12a1–/–

10 mm Hg 6.68 ± 0.02 6.59 ± 0.9 4.52 ± 0.24* 3.64 ± 0.39* 0.81 ± 0.65 0.93 ± 0.12*

15 mm Hg 6.70 ± 0.04 6.62 ± 0.02 5.46 ± 0.37* 4.27 ± 0.41* 0.34 ± 0.31 0.60 ± 0.05*

20 mm Hg 6.70 ± 0.06 6.59 ± 0.07 8.13 ± 1.42* 4.57 ± 0.42* 0.23 ± 0.12 0.42 ± 0.08*

25 mm Hg 6.68 ± 0.05 6.56 ± 0.01 8.69 ± 2.20* 4.9 ± 0.58* 0.19 ± 0.11 0.30 ± 0.02*

* Statistical significance as a function of IOP tested by analysis of variance (P < 0.05).

DISCUSSION

In this work, we examine how collagen XII regulates the
mechanical properties of the cornea. Our results suggest
that collagen XII regulates corneal stroma stiffness based
on multiple metrics. Measurements were performed ex vivo
at various artificially controlled IOPs. ACUS-OCE and Hb-
OCE both illustrate that collagen XII deficiency resulted
in decreased corneal stiffness compared to WT corneas,
and that corneal stiffness increased as a function of IOP
regardless of collagen XII presence. Brillouin microscopy
results showed the same trend where collagen XII deficient
corneas had lower longitudinal modulus compared to the
WT corneas. However, the measured Brillouin frequency
shift had no apparent dependence on the IOP in either
condition. IOP is known to affect the stiffness of the cornea
and does affect corneal elastography measurements. In prac-
tice, though, IOP is known to confound measurements in
clinical tools for biomechanical assessment.6 Thus the result
from this work suggests that the Brillouin frequency shift
may, in fact, provide a mechanical measurement that is
independent of the effects of IOP. At a fundamental level,
it remains to be investigated why the longitudinal modu-
lus measured by Brillouin microscopy seems unaffected by
changes in IOP unlike the OCE measurements, and how the
current sensitivity of the measurement, or the measurement
conditions (e.g., orthogonal to the collagen fiber direction)58

contribute to these results. In addition, corneal stiffness is
known to be affected by age and sex.59 In this study, the age
and sex of the corneas were not strictly controlled, which
likely did introduce some variation in the results, particu-
larly in the WT group. Furthermore, the same cornea was
not measured between each technique, which may also have
introduced some sample variability in the results. Moreover,
collagen XII contribution to the corneal structure is age-
dependent.60 Future work will conduct more strict sex and
age matching, which will help tighten variation in corneal
stiffness.

OCE has also been used to study the effects of colla-
gen V insufficiency on corneal stiffness.11 Collagen V insuf-
ficiency was reported to have increased stiffness compared
to the WT, and this measurement was confirmed by two-
dimensional extensiometry. The results of our work suggest
that collagen XII may have opposing influences on the
mechanical properties of the cornea. It should also be noted
that the results of our work contradict previous atomic
force microscopy (AFM) measurements of collagen XII defi-
cient corneas.60 However, in that study, the AFM indenta-
tion was kept at approximately 1 μm, well within the cornea
epithelium thickness. Since the effect of collagen XII defi-
ciency is likely localized to the corneal stroma, measure-
ments of the corneal epithelium may not accurately char-

acterize changes in stromal stiffness. That suggests that the
reduced fibrillar diameter and increased fibrillar density of
the cornea in the absence of collagen XII identified in that
work may actually contribute to the reduced stiffness of the
collagen XII deficient cornea compared to the WT in this
work.

Although each individual measurement technique of
our elastography approach shows agreement regarding the
difference in stiffness between the two measurement groups,
these measurements are not without limitations. Primarily,
although each of these techniques can be useful for esti-
mating changes in stiffness, we have not quantified the
elastic modulus. The high-frequency longitudinal modulus
can be extracted from the Brillouin shift measurement.
However, the longitudinal modulus is a fundamentally differ-
ent quantity than Young’s modulus, and the correlations
between these moduli measured in biological tissue are
thought to come from a common dependence from under-
lying factors such as collagen branching, crosslinking, and
water content. In this respect, our work hints that IOP
dependence represents a situation where the two moduli
exhibit different behavior. Relating the Brillouin modulus to
Young’s modulus measured by OCE and viscosity61,62 is an
area of future investigation. Furthermore, although the ex
vivo studies performed in this work provide valuable infor-
mation, translating Brillouin microscopy measurements to
in vivo assessment of corneal stiffness introduces measure-
ment tradeoffs in terms of the number of samples acquired
in measurement to prevent the effects of motion artifacts
and to reduce subject discomfort. However, OCT guidance52

could be used to correct the motion. Brillouin microscopy
has been performed in vivo in murine embryos52 and
humans.30,52

The Lamb wave propagation and analysis technique
utilized by ACUS-OCE can provide quantitative measure-
ments of elasticity and can be performed in vivo.43,63

However, proper analysis of mechanical properties could be
improved by analyzing elastic wave dispersion (i.e., multiple
frequencies) and taking into consideration the sample geom-
etry. This analysis would enable the assessment of corneal
Young’s modulus and shear viscosity. It should be noted
that the distinct differences in corneal geometry between
the WT and Col12a1–/– corneas could affect the stiffness
measurements by ACUS-OCE. In fact, previous work has
reported increased thickness in Col12a1–/– corneas.64 Typi-
cally, a thicker material with the same stiffness has a higher
wave speed up to a certain limit. Because the Col12a1–/–

corneas had a lower wave speed compared to their WT coun-
terparts, we can conclude that the Col12a1–/– are indeed
softer than the WT. However, applying mathematical models
that account for corneal geometry, including the differences
in thickness, to quantitatively derive mechanical properties
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such as Young’s modulus and viscosity is an area of future
work.65,66

Finally, Hb-OCE enables axial assessment of strain based
on ocular pulse induced IOP fluctuations and has been
performed in vivo.46 However, axial assessment of corneal
strain using Hb-OCE is confounded by the visible sample
thickness in the OCT image and the size of the strain calcula-
tion kernel. The use of a high-resolution OCT system would
help dramatically improve Hb-OCE sensitivity. Spatially
mapping Young’s modulus is a more complex problem, as
spatial characterization of stress inside the cornea is neces-
sary for accurate quantification. The average IOP change
can be measured in ex vivo measurements, but performing
this assessment in vivo would require additional measure-
ments, such as dynamic contour tonometry67 or the use of a
compliant sensor.68 However, the stress on this cornea was
relatively well controlled in this work, because the mean
IOP fluctuation amplitude for the WT corneas was 2.04 ±
0.02 mm Hg and was 2.06 ± 0.08 mm Hg for Col12a1–/–

corneas. Because the difference in IOP fluctuation ampli-
tude between the two types of corneas was negligible, we
can assume that the measured and mapped strain represents
a more quantitative characterization of corneal stiffness than
cases where the stress is far more variable. Furthermore,
we demonstrate here for the first time Hb-OCE as a func-
tion of baseline IOP and demonstrate the nonlinear relation-
ship between strain and IOP as measured by this technique.
Because the strain and stiffness are inversely related, the
nonlinear strain-IOP relationship shown here may correlate
to a more linear stiffness-IOP relationship when elasticity is
properly accounted for (i.e., 1/strain is linear as a function
of IOP). The results shown here emphasize the need for
more robust quantification of elasticity for future Hb-OCE
measurements.11,69

CONCLUSION

In this work, a multiple optical elastography approaches
consisting of Brillouin microscopy, ACUS-OCE, and Hb-OCE
were used to assess the effects of collagen XII deficiency
on the mechanical properties of the cornea. Col12a1–/– and
WT murine cornea samples were excised so that the scle-
ral ring was left intact, then mounted on a closed-loop IOP
control system. Elastography measurements were performed
at IOPs between 10 mm Hg and 25 mm Hg at 5 mm Hg
increments. OCE measured a change in stiffness as a func-
tion of IOP, but Brillouin microscopy showed no clear trend
between IOP and the Brillouin frequency shift. Furthermore,
the results suggest that collagen XII deficiency reduces the
overall stiffness of the cornea. Future work will investigate
the effects of other collagen types and cornea components
(e.g., glycosaminoglycans) on the stiffness of the cornea,
implement appropriate mechanical models, and translate
this work in vivo.
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