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Abstract. Cataract is one of the most prevalent causes of blindness around the world. Understanding the mech-
anisms of cataract development and progression is important for clinical diagnosis and treatment. Cold cataract
has proven to be a robust model for cataract formation that can be easily controlled in the laboratory. There is
evidence that the biomechanical properties of the lens can be significantly changed by cataract. Therefore, early
detection of cataract, as well as evaluation of therapies, could be guided by characterization of lenticular bio-
mechanical properties. In this work, we utilized optical coherence elastography (OCE) to monitor the changes in
biomechanical properties of ex vivo porcine lenses during formation of cold cataract. Elastic waves were induced
in the porcine lenses by a focused micro air-pulse while the lenses were cooled, and the elastic wave velocity
was translated to Young’s modulus of the lens. The results show an increase in the stiffness of the lens due to
formation of the cold cataract (from 11.3� 3.4 to 21.8� 7.8 kPa). These results show a relation between lens
opacity and stiffness and demonstrate that OCE can assess lenticular biomechanical properties and may be
useful for detecting and potentially characterizing cataracts. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including
its DOI. [DOI: 10.1117/1.JBO.24.3.036004]
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1 Introduction
Cataract is clouding of the crystalline lens that can severely
impair vision with faded colors, blurry vision, halos around
light, and poor night vision. Approximately one-third of all
people with some form of vision impairment have cataract.1

Eventually, over half of patients with cataract undergo vision
loss.1 There are numerous causes of cataract, such as aging,
trauma, diabetes, obesity, congenital genetic deficiencies, and
environmental exposure to toxins.2 Usually, cataract is pro-
gressive and requires surgical interventions for treatment. The
specific underlying mechanism of cataract formation is still
unknown, but there are reports that the stiffness of the cataract
lenses in humans is significantly higher than that of normal
lenses.3

One of the simplest models to investigate cataract formation
is a cold cataract. Cold cataract is a reversible opacification in-
duced in the nucleus of lenses by lowering the temperature.4,5

This phenomenon enables us to study a controlled opacification
and to investigate the physicochemical processes associated
with a reversible form of cataract. It has been shown that the
precipitation of γ-crystallin is correlated with cold cataract
development in the lens.6 Gamma crystallin is one of the pre-
dominant crystallins in the lens nucleus that is responsible for
optical transparency.4 This reversible opacification is a result
of a phase separation of the cytoplasmic proteins into coexist-
ing protein-rich and protein-poor liquid domains. Zigman and
Lerman5 demonstrated that γ-crystallin is the major component
of both fractions. Gamma crystallin has been shown to be the
only one of the three soluble protein fractions capable of acting

as a cryoprotein. The relative concentration of γ-crystallin as
compared with the amounts of α- or β-crystallin in solu-
tion determines whether cold precipitation occurs. Therefore,
since the nucleus of the lens contains more γ-crystallin than the
cortex, opacification predominantly occurs in the lens nucleus.4

Moreover, the concentration of γ-crystallin can also affect the
appearance of cold cataract.6 Previous research has been focused
on biomolecular and biochemical changes during cold cataract
formation.7–9 For example, the formation of cold cataract has
been observed in lenses of various animals, such as fish and
cattle, and the contribution of different types of crystallins was
evaluated.8,9 Moreover, the optical characteristics of lenses with
cold cataract were assessed.7,10 Despite this research, there is
a lack of work focused on the biomechanical effects of cold
cataract on the lens.

Mechanical testing is commonly used to evaluate the biome-
chanics of ocular tissue, including the lens; however, these tech-
niques are invasive and destructive, which limits their clinical
applicability.11,12 Several nondestructive techniques have been
proposed to evaluate lenticular biomechanical properties,13–15

including acoustic-based elastographic techniques.13,16–18 While
these techniques have revealed critical information, they lack
spatial resolution and sufficient contrast.

Optical coherence tomography (OCT) is capable of noninva-
sive depth-resolved imaging with micrometer-scale resolution
up to ∼2 mm in scattering media such as tissue.19,20 Optical
coherence elastography (OCE), the elastographic functional
extension of OCT, takes advantage of the high resolution and
high sensitivity capabilities of OCT and has subnanometer dis-
placement sensitivity with phase-resolved detection.21–23 The
high resolution, large dynamic range, superior contrast, high
displacement sensitivity, and noninvasive imaging of OCE
make it an effective tool for evaluating the biomechanical*Address all correspondence to Kirill V. Larin, E-mail: klarin@uh.edu
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properties of small, thin tissues, such as those in the eye.21,24

In our previous work, we have used dynamic OCE and
acoustic-based methods for noninvasively assessing lenticular
biomechanical properties.25–29 We have demonstrated that the
biomechanical properties of the crystalline lens can be measured
in situ and quantified variations in the stiffness of mammalian
lenses as a function of age and intraocular pressure.25,27–29 Shear
wave elastography is one of the most common elastography
techniques because it does not need a priori information about
the sample or excitation, and it can be performed completely
noninvasively.30 Ultrasound-based shear wave elastography
techniques have been used to evaluate the biomechanical
properties of various animal lenses.25,31,32 However, the low res-
olution, poor contrast, and large excitation forces of ultrasound-
based techniques may not be suitable for in vivo applications.
Thus, we propose the use of OCE to detect elastic waves in the
lens to characterize lenticular biomechanical properties.

In this work, we induced cold cataracts in ex vivo porcine
lenses and assessed the lenticular stiffness with elastic wave-
based OCE. After OCE measurements of the fresh lenses during
temperature decrease, the cold cataract was induced by lowering
the temperature of the isolated crystalline lenses for 6 h.
Then, the OCE measurements were repeated as the temperature
was increased. After the cataract formation, the lenses showed
an increase in elastic wave velocity in comparison with fresh
lenses. The difference in wave velocity between cataract and
fresh lenses disappeared after the cataract dissolved. The results
indicate the stiffness of the lens has a correlation with lens
opacity in a cold cataract model.

2 Materials and Methods
The OCE system was based on a home-built spectral domain
OCT (SD-OCT) system and an air-pulse excitation system, as
shown in Fig. 1.33,34 The SD-OCT system utilized a superlumi-
nescent diode light source with a central wavelength of 840 nm,
bandwidth of 49 nm, and output power of 18 mW. The acquis-
ition speed of the camera was set as 25 kHz. The displacement
sensitivity of the OCE system was measured as 12 nm in air. The
air-pulse delivery system used an electronically controlled pneu-
matic solenoid and control unit to produce a short duration air-
pulse (<1 ms) that was synchronized with the SD-OCT system
frame trigger.35 To image deep inside the lens and visualize the
formation of the cold cataract, we utilized a commercial swept
source OCT (SS-OCT) system (OCS1310V2, Thorlabs Inc.,

New Jersey) with a central wavelength of 1300 nm, bandwidth
of ∼100 nm, and sweep rate of 200 kHz.36

Preliminary measurements were performed on tissue-
mimicking agar phantoms (1%, w/w, Difco Nutrient Agar from
BD, Franklin Lakes, New Jersey) and gelatin phantoms (3%,
w/w, Type A gelatin, 250 Bloom/8 Mesh, PB Gelatins/PB
Leiner, Davenport, Iowa). The phantoms were cast by standard
methods as described in our previous work.34,37 Cylindrical cul-
ture dishes with inner diameter of 50 mm and height of 12 mm
were used to mold the phantom samples. After that, the samples
were placed into the refrigerator at ∼4°C.37 The phantoms were
measured by OCE as the phantoms warmed (N ¼ 3 for both
gelatin and agar phantoms). The phantom temperature was con-
trolled by the system consisting of a holder and a thermoelectric
cooler that was used also to control the temperature of the lenses
shown in Fig. 1. In addition, the temperature on the phantom
surface was monitored by a noncontact infrared thermometer
(CF-IR, ThermoWorks, Utah).

Seven whole porcine eyes from animals within 4 to 6 months
of age were shipped overnight on ice (Sioux-Preme Packing Co.,
Iowa). The freshly extracted lenses were placed in the custom
apparatus of the temperature controlling system. The lenses
were half submerged in 1× phosphate buffered saline (PBS)
when OCE measurements were not being performed. Additional
1× PBS was topically dropped on to the upper surface of the
lenses every 20 s to make sure the lenses were hydrated.
Measurements of the fresh lenses were taken at 3°C intervals
from 21°C to 6°C. It required ∼5 min to reach the 3°C temper-
ature increase for every step. Once the target temperature was
reached, we waited for 2 min to make sure the temperature
of the thermoelectric cooler was the same as that of the noncon-
tact thermometer. After the initial measurements on the fresh
lenses, the lenses were put into a 4°C refrigerator for 6 h, also
submerged in 1× PBS, to induce a cold cataract. Cold cataract
was identified by visual inspection and confirmed by SS-OCT
imaging. The lenses were removed from the refrigerator, placed
in a holder, and the OCT imaging and OCE measurements were
repeated for the chilled lenses while temperature was increased
from 6°C to 21°C, also at 3°C increments with the same meas-
urement interval.

To evaluate the temperature distribution inside the samples,
separate experiments were performed on a 1% agar phantom
and porcine lens. The samples were partially immersed in the
PBS solution as with the previous measurements. A thermocou-
ple (Omega Engineering Inc., Norwalk, Connecticut) with a
diameter of 0.1 mm was used to probe the temperature gradient

Fig. 1 Schematic of the experimental setup during the OCE measurements.
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inside the samples at four equally spaced positions along the
entire depth of the sample 2 min after the temperature reading
from the temperature control system was stable.

OCE measurements were performed by inducing small
amplitude displacements (≤ 10 μm) using a short duration
air-pulse (≤1 ms) on the surface of the lenses and phantoms.
M-B-mode imaging was performed, where the OCT probe beam
was held stationary at a given position, and an air-pulse was
excited by the air-pulse system. Then, the OCT probe beam was
moved to the next position and another elastic wave was excited.
By synchronizing the OCT system frame trigger with the air-
pulse control unit, we effectively imaged the same elastic wave
at a frame rate equal to the OCT system A-scan rate (i.e., camera
speed).35 Successive M-mode images (n ¼ 251) were acquired
by the SD-OCT system over a ∼6.1 mm line, where the center
of the scan and air-pulse excitation were at the apex of the lens.
The scan time for one position was ∼10 ms, and the entire M-B
scan time was ∼30 s. The air-pulse induced a low-amplitude
displacement at the apex of the lens, which then propagated
transversely as an elastic wave. The raw temporal phase profiles
were unwrapped and then converted to displacement after cor-
recting for the refractive index mismatch and surface motion.38

The displacement profiles along the propagation path (i.e., along
the curvature of the sample) were then processed by a cross-
correlation algorithm to obtain the elastic wave propagation
delays. In short, the displacement profile at the excitation was
used as a reference profile, and the displacement profiles from
successively more distant positions were then cross-correlated
with the reference profile. The peak of the subsequent cross-
correlation was selected as the temporal delay for the elastic
wave propagation to that OCE measurement position. A linear
fit was then performed on the elastic wave propagation delays
and their corresponding distances (incorporating the curvature
of the sample). We selected the ∼3 mm central part of the lens
for the group velocity estimation to make sure that the measured
group velocity was over cold cataract. The speed of the elastic
wave was converted to the Young’s modulus value (E) by the
surface wave equation 39,40

EQ-TARGET;temp:intralink-;e001;63;334E ¼ 2ρð1þ vÞ3
ð0.87þ 1.12vÞ2 c

2
g; (1)

where ρ ¼ 1183 kg∕m3 was the lens density,41 ν ¼ 0.5 was
Poisson’s ratio,42 and cg was the OCE-measured elastic wave
group velocity. Before testing, all porcine lenses were physically
measured, and there were no detectable changes in sample
geometry.

3 Results
Figure 2 shows the OCE-measured group velocities for agar and
gelatin phantoms as a function of temperature. As seen in Fig. 2,
gelatin and agar gels demonstrate different levels of dependence
of the elastic wave speed on temperature. While the group veloc-
ity in the gelatin phantom decreased from ∼1.9 to ∼1.7 m∕s as
the temperature increased from 5°C to 20°C, the velocity in the
agar phantom did not show significant changes with tempera-
ture, decreasing from 2.2 to 2.1 m/s. Statistical testing by a
one-way ANOVA showed that there was statistical significance
of samples on the stiffness of the 3% gelatin phantoms
[Fð2; 0.95Þ ¼ 5.00, p ¼ 0.03] but no statistical significance
of samples on the stiffness of the 1% agar phantoms
[Fð2; 0.95Þ ¼ 2.46, p ¼ 0.14] as a function of temperature.

Additional measurements of the temperature gradient in the agar
phantom demonstrated a monotonic dependence of the temper-
ature with depth, such that the maximum difference between
the top of the phantom exposed to air and PBS solution was
1.5°C. The mean difference between the temperature inside the
phantom and PBS solution was 0.55°C with a standard deviation
of 0.56°C.

Figure 3 shows images taken by a standard dissecting micro-
scope (Stemi 508, Carl Zeiss Microscopy, LLC, Thornwood,
New York) while (a) chilling the fresh lens from 21°C to 6°C
and (b) warming the lens from 6°C to 21°C after being placed
in a 4°C refrigerator for 6 h. As seen in Fig. 3(a), the fresh
lens was clear, and there was no apparent change in the lens
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Fig. 2 The OCE-measured group velocity in a 3% gelatin and 1%
agar phantoms as a function of temperature.

Fig. 3 (a) Images from a dissecting microscope while a fresh porcine
lens was (a) cooled from 21°C to 6°C and (b) warmed from 6°C
to 21°C after being in a 4°C refrigerator for 6 h. The scale bars are
1 mm.
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transparency while the lens was cooled. However, after 6 h at
4°C, there is a clear opaque region in the center of the lens,
which then disappeared as the lens was warmed to 21°C.

The OCT images corroborate these results. Figure 4 shows
the OCT images of the lens before and after the formation of
cold cataract. The OCT images of fresh lens did not show any
scattering differences as a function of temperature while it was
cooled. However, there was more scattering and a clear forma-
tion of aggregated scattering structures within the lens after cold
cataract was formed. When the temperature was increased, the
aggregated scattering structure shrank until it disappeared when
the temperature increased beyond 12°C.

The relationship between stiffness and temperature before
and after the cataract was formed is shown in Fig. 5.
Figure 5(a) shows the elastic wave group velocity for one rep-
resentative sample with and without cataract in the temperature
range from 6°C to 21°C. Figure 5(b) shows the averaged elastic
wave group velocities for all seven samples as a function of
temperature. As seen in Figs. 3 and 4, the cataract began to
disappear as the lens was warmed beyond 12°C. The group
velocities in the samples that were cooled for 6 h at 4°C
(cataract) decreased as they were warmed. Statistical testing
by one-way ANOVA showed that there was no statistically
significant difference of the group velocities for different
temperatures in both cataract and normal groups [Fð5; 0.95Þ ¼
0.69, p ¼ 0.64]. A t-test showed that the difference in stiffness
between cataract samples and normal samples was significant
(p ¼ 0.003). Based on this result, we performed further pair-
wise t-tests (with Bonferroni correction for multiple testing)
for each temperature, which showed a significant difference
between the stiffness of the cataract and normal lenses at
6°C, 9°C, and 12°C (p ¼ 0.012, 0.007, and 0.0015, respec-
tively). The values of Young’s modulus of the lenses shown
in Fig. 5(c) were calculated using Eq. (1). The mean value of
the estimated Young’s moduli of cataract lenses for 6°C, 9°C,
12°C was 21.8� 7.7 kPa, whereas the mean value of the
Young’s moduli of the normal lenses at this temperature was

9.6� 1.4 kPa. For 15°C, 18°C, and 21°C, the cataract groups
have the mean value of the Young’s modulus of about 11.3�
3.4 kPa, and while the normal lenses groups have the mean
value of the Young’s moduli of 10.6� 2.3 kPa.

Fig. 4 (a) OCT structural images of a fresh porcine lens that was
(a) cooled from 21°C to 6°C and (b) warmed from 6°C to 21°C after
being in a 4°C refrigerator for 6 h. The scale bars are 1 mm.
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Fig. 5 The measured group velocities and estimated Young’s moduli
for the fresh lenses and lenses with induced cold cataracts. (a) The
group velocity for the representative sample, in which the error bars re-
present the error estimated by the 95% confidence interval for the slope
of a linear fit of the propagation time versus distance. (b) The averaged
velocities and (c) Young’smoduli for all samples (n ¼ 7) where the error
bars are the inter-sample standard deviation. The asterisks indicate
statistical significance (p < 0.05) determined by student’s t -test.
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The measurements of the internal temperature gradient in
cataract and normal lenses showed results similar to the results
for the agar phantom, with no significant difference between
normal and cataract lenses, within the measured temperatures
range. For the normal lens, the mean difference between the
internal temperature of the lens and the temperature of PBS
solution was 0.43� 0.38°C, whereas for cataract lens, it was
0.42� 0.34°C. The maximum differences were 1.1°C and
1.0°C for normal and cataract lenses, respectively.

4 Discussion
While the relationship between the stiffness of the lens and the
age is well known,3,18,28,43 the influence of cataract formation
on the lens stiffness is still unclear. In this work, we have dem-
onstrated that in a porcine cold cataract model, the stiffness of
the lens has a correlation with opacity of the nucleus. The speed
of the elastic wave (i.e., stiffness of the lens) significantly
decreased when cataract dissolved between 12°C and 15°C.
Similar to the optical properties, the changes in lens stiffness
are reversible, and possibly connected with the precipitation
of γ-crystallin. Because the changes in lens opacity are localized
in the nucleus, we could assume that the changes in lens elas-
ticity are also localized in the nucleus, as it has been shown that
there is an elastic gradient in the lens.13,18 Although the OCE
measurements were performed only on the lens surface, it is
known that the surface wave is also sensitive to deep layers
of the medium, depending on the wavelength of the elastic
wave.44–46 Though the scan width was greater than the width
of the cold cataract, the width that we used to calculate group
velocity was only ∼3 mm across the center of the apex of the
lens, which means the group velocity measurements were from
the region over the cataract. In our case, as seen in Fig. 4, the
cataract was located 2 to 3 mm below the surface of the lens.
However, the frequency content of the elastic wave was below
1 kHz (centered around ∼550 Hz). With a speed of ∼1.8 m∕s,
the corresponding elastic wave wavelength was ∼3.3 mm.
Therefore, the estimated Young’s modulus reflects some spa-
tially averaged elastic modulus, including part of the nucleus,
but likely underestimates the nucleus stiffness. Additional stud-
ies are required to better understand the spatial elasticity distri-
bution in cataract lenses, and our future studies will be focused
on a much wider range of elastic wave frequencies to probe the
elasticity gradient of the lens.

Previous research shows that the threshold of the cold cata-
ract might vary in different species.7–9 Zigman and Lerman5

demonstrated that the optical density of the mouse lens is stable
up to 11°C. In our experiments on porcine lenses, the threshold
was between 12°C and 15°C. The percentage of γ-crystallin in
porcine nucleus is about 30%,47 whereas the mouse nucleus con-
tains 60% γ-crystallin.48 The fish lens has 30.5% γ-crystallin,
and the cataract temperature threshold was demonstrated to
be about 5°C.9,49 The relationship between γ-crystallin and cold
cataract threshold needs to be further elucidated and is an avenue
of future research. Although many biological tissues demon-
strate the dependence of elasticity on temperature,50–53 similar
to the temperature dependence for gelatin phantoms shown in
Fig. 2, we did not observe a significant change of the wave speed
(i.e., stiffness) with temperature in fresh lenses (Fig. 5). Also,
the cataract lenses were slightly softer than fresh lenses at
21°C as seen in Fig. 5. This observation can be associated with
residual effects of cataract formation, or overall changes in lens
elasticity after 6 h of storage, for example, the loss of crystalline

proteins after storage.54 Previous work has shown that the dura-
tion of heating can also increase the elasticity of the lens.50

When human lenses were heated for 4 h, the shear modulus was
∼4 kPa. When the heating time was increased to 8 h, the shear
modulus increased to about ∼7 kPa because of proteins dena-
turing at 50°C. In contrast, freezing porcine lenses at −80°C
caused a decrease in the shear modulus from ∼0.9 to ∼0.3 kPa
after 4 weeks. Nevertheless, there is little or no research focused
on the changes in lenticular biomechanical properties due to
moderately cold temperatures (near 4°C). We postulate that the
aggregation of γ-crystallins formed during cold cataract contrib-
utes to an increase in lenticular stiffness. Further analysis is
needed to confirm or disprove this hypothesis and is the focus
of future work.

Although the difference in the spatial distribution of temper-
ature in the lens could be a possible reason for the difference in
stiffness between cataract and normal lenses, our measurements
show that the temperature gradient in the normal and cataract
lenses are similar, such that it is unlikely that the temperature
distribution can be a reason for the difference in the elastic wave
velocity. The temperature gradient in the agar phantom was
greater but can be explained by the different thermal conduc-
tivity and the size of the agar phantom.

The values of Young’s modulus obtained based on Eq. (1)
are in agreement with literature data for porcine lenses.12,55

However, the distribution of elasticity in crystalline lens is
inhomogeneous.17,43 In addition, viscous properties also could
play a significant role in the process of surface wave propa-
gation.11,17,18 Therefore, application of Eq. (1) obtained for
an elastic, homogeneous half-space has significant limitations.
More sophisticated analytical and computational models are
needed to provide more accurate values of lens viscoelasticity,
which we are focused on developing.

5 Conclusion
In this work, we evaluated the changes in the biomechanical
properties of porcine lenses ex vivo during the formation of cold
cataract using OCE. The lenses with cold-induced cataracts
showed an increase in elastic wave velocity, and correspond-
ingly, stiffness, in comparison with fresh lenses. However, the
difference in stiffness between cataract and fresh lenses disap-
peared after the cataract dissolved. These results show that
OCE can assess lenticular biomechanical properties and may
be useful for cataract characterization.
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